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This report was completed in late 1981. In view of the long
delay of publication (1985), it is appropriate to note that con- 4
QUALIry
&_.

W) siderable progress has since been made in some of the subject areas
I discussed herein. For updated information the reader is referred to
tnhe following papers and reports:
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3. Modeling of Plain Concrete

Y

B Valanis, K. C. and H. E. Read, "An Endochronic Plasticity
LY Theory for Concrete,” Proc. Second Symp. on the Interaction of
4 Non-Nuclear Munitions with Structures, Panama City Beach,
%7, Florida, April 1985.

‘43

K. Valanis, K. C., and H. E. Read, "An Endochronic Plasticity
=+ Theory for Concrete," Mechanics of Materials, Vol. 4, No. 2,
. 1985,

g

H

i Lade, P. V., "Three-Parameter Failure Criterion for Concrete,"
X J. Engng. Mech. Div., ASCE, Vol. 108 (EM5), 1982,

4

' Modeling of Reinforced Concrete

¢

4 Hegemier, G. A., and H. Murakami, "A Nonlinear Theory for
o Reinforced Concrete," Proc. Second Sy;g, on the Interaction of
ﬁ Non-Nuclear Munitions with Structures, Panama City Beach,

¥ Florida, April 1985,

‘ Hegemier, G. A., H. E. Read, H. Murakami, L. J. Hageman, and
‘i R. G. Herrmann, "Development of Advanced Constitutive Model

for Reinforced Concrete," S-CUBED Second Annual Report to the
AFOSR, SSS-R-83-6112, April 1983.

v A

Hegemier, G. A., H. E. Read and H. Murakami, "Development of
Advanced Constitutive Model for Reinforced Concrete," S-CUBED
Final Report to the AFOSR, SSS-R-84-6684, April 1984,

Hegemier, G. A., H. Murakami, and L. J. Hageman, "On Tension
Stiffening in Reinforced Concrete," Mechanics of Materials,
Vol. 4, No. 2, 1984,

- o m W e

Murakami, H. and G. A. Hegemier, "On Simulating Steel-Concrete
Interaction in Reinforced Concrete, Part 1: Theoretical
Development," Mechanics of Materials, 1985 (to appear).
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Hagemann, L. J., H. Murakami, and G. A. Hegemier, "On Simu-
" lating Steel-Concrete Interaction in Reinforced Concrete, Part
¥ II: Validation Studies," Mechanics of Materials, 1985 (to
§ appear).
"Il
9
' Strain Rate Effects
‘i Read, H. E., "Strain Rate Effects in Concrete: A Review of
) Experimental Methods," S-CUBED Report SSS-R-85-6081, January
;g 1985.
W
f Strain Softening
.
Q» Read, H. E. and G. A. Hegemier, “Strain Softening of Rock,
i& Soil and Concrete -- A Review Article," Mechanics of Mate-
@ rials, Vol. 3, No. 4, 1984,
B —_— -
it Survey Articles
)
¢ Hegemier, G. A. and H. E. Read, "On Deformation and Failure of
! grittle Solids: Some Outstanding Issues," Mechanics of Mate-
o rials, Vol. 4, No. 3, 1985.
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‘ INTRODUCTION

j2$}

}2};, 1.1 OBJECTIVE

HQ; The primary objective of this research program is to initiate
A the construction and validation of an advanced continuum model of
;ﬁ; reinforced concrete that simulates real material behavior in the
gaa highly nonlinear range of material response.

i A secondary objective is to identify experimental and
g theoretical problem areas associated with model development and
;*2 validation, and to recommend remedial research where necessary.

%%g It 1is intended that the continuum constitutive model of
zi: reinforced concrete under development be, when completed:

g:c e  Nonphenomenological

?ﬁ& . Multiaxial

iﬁ;j ° Applicable to both dense and sparse steel layouts.

‘ T e Valid for arbitrary time histories

i

gﬁ It is also intended that the model properly describe:

e

:ﬁ' ° Failure surface geometry

;2&: e Strain hardening, softening

ﬁgg e Stiffness degradation

@h' e  Anisotropy due to steel

. ° Anisotropy due to cracking

é:f e Stress, deformation path dependence

g?‘ e  Strain-rate effects

ﬁﬁ: The term "nonphenomenological" above denotes a model that will
$4 synthesize the global behavior of reinforced concrete from a
;ﬁ“: description of the concrete and steel properties, the concrete-steel
agv interface properties, and the steel geometry. The purpose of such a
4 model is to minimize the number and size of tests necessary to
Eaa evaluate the model parameters, and to allow immediate identification
iﬁ' of the physical significance of each model parameter,.
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The term "multiaxial® above has the wusual connotation:

~‘5’ arbitrary stress (deformation) states and stress (deformation) paths.
;j Both "dense" and "“sparse" steel layouts occur in practice,
W although the former is more common in the defense community.
Q: Consequently, it is important that a model of reinforced concrete be
Eg applicable to a practical range of steel layouts.

Ei The 1loading conditions associated with reinforced concrete

| structures in a defense environment envelop a wide range of strain
'g‘ rates. Of particular importance is the high strain-rate regime.
Q' Consequently, a complete constitutive model of reinforced concrete
fg‘ should incorporate time history or strain-rate effects.

ﬁ The second group of terms noted above refer to the basic
g measures of material response: strength, stiffness, and ductility,
fz and to the changes in these measures due to progressive cracking and
% degradation of the steel-concrete bond, and stress-rate.

;:3 1.2 APPROACH

3,

;ﬁ The task of constructing a viable constitutive model of
3& reinforced concrete can be partitioned into several basic subtasks.

The first such subtask consists of formulating sufficiently accurate
models of the constituents: steel and concrete. The former does
¢ not present a problem; the latter does. Consequently, the first
v, subtask consists of formulating an improved model of plain
. concrete. In what follows, this effort is further partitioned
:;’ into: (1) rate-independent models and (2) rate-dependent models.

The second subtask consists of mathematically describing the
behavior of the steel-concrete interfaces.

o &
o

P

The third subtask consists of formulating a procedure for
analytically mixing the steel and concrete. This must be defined
such that the steel-concrete interaction, which plays a critical
role in the global response of reinforced concete, is adequately
modeled. Further, the mixing procedure must synthesize the global

-

FET

&;f
" |

S} properties of reinforced concrete from the properties of plain
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;&" concrete, steel, interfaces, and the steel geometry. In what
;E:;i follows, this effort is further partitioned into four important
::% problems areas: (1) the steel-concrete bond problem, (2) the
.:5:55 steel-concrete dowel problem, (3) the concrete aggregate interlock
" problem, and (4) the steel-buckling-concrete —spallation problem.
:s‘; Problem (1) plays a dominant role in the bending and nonlinear
',::: stretching (associated with membrane action) of R/C beams, plates
:3':: and shells {(e.g., the "late-time" bending and nonlinear stretching
of R/C protective box-type structure roofs). Problem (2) plays a
75 major role in the transverse shear deformation of R/C beams, and the
r’ transverse and in-plane shear deformation of R/C plates and shells
E,?:i (e.g., the “early-time" response of R/C protective box-type
structure roofs and the protective cover "punch-out" problem).
;.\ Problem (3) plays an important role in those cases wherein relative
‘\ motion occurs across existing cracks {(e.g., hysteretic in-plane
1’, shear deformation of R/C plates). Problem (4), which concerns
i containment of the concrete by the rebar mesh, spallation of the
..::E concrete, and subsequent buckling of rebar, plays an important role
i:iff in direct compression of R/C structural elements (e.g., impact
‘:é loading of a R/C liner in the axial direction).
i) The final task consists of validating the resulting models of
::2' plain and reinforced concrete by experimental versus theoretical
E data comparisons.
:‘_'__ To accomplish the task of modeling plain concrete, the use of
- a plastic-fracturing theory is explored herein. This formulation
;‘ allows simulation of both progressive fracture and “plastic" slip,
¥ and it includes elasto-fracture coupling (i.e., stiffness

: degradation). A major advantage of this approach is that the
-~ constitutive relation is linear in the stress and strain increments.

|.~.
.l

al To accomplish the task of analytically mixing the steel and
.y . . 3

;::s: concrete, a mixture-theory-with-microstructure approach is explored
) .

DL herein. This procedure has been previously used with considerable
K success to model fibrous composite materials. The technique, which
‘é . .

»\’;;. must be expanded to cover problems peculiar to reinforced concrete,
i
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. allows one to directly synthesize the global composite material
§?= properties from the component properties.

i{

244 1.3  SINGLE VERSUS TWO-PHASE MODELS

53 Both. ‘two-phase' and 'single-phase' mixture models of
§§ reinforced concrete are discussed in this report. The two-phase
%? model retains the identity of the individual constituents (steel and
:sﬂ concrete) while the single-phase theory represents a single, new

composite material in which the steel and concrete are completely
“
:i homogenized.

5\\ The advantage of a two-phase model is increased (over a
gé single-phase modei) simulation capability and accuracy. In
?L addition, the role of each constituent is easily identified. The
s' disadvantage is increased {(over a single-phase model) complexity:
;?2 roughly twice the dependent variatles associated with a single-phase
oy mode].
& The advantage of a single-phase model is its simplicity. This
5“‘ simplicity, however, is obtained at the price of reduced simulation
"& capability and reduced accuracy. Nevertheless, for many practical
‘“$ applications these reductions are not serious. A single-phase model
7;: also has the advantage that it can be readily incorporated into
&? current finite element codes. This is in contrast to the two-phase
?%‘ formulation which requires special numerical treatment.
2 It is noted that development of a two-phase theory has
f% progressed under AFOSR support** while development of a single phase
3% theory has progressed under DNA support.* It is emphasized,
?&' however, that one must derive a two-phase model before a single-
phase model can be constructed. Consequently, there has been
33 considerable overlap in these two programs in the area of two-phase
0
W
a FDNA-O0I-80-C-0181

** AFOSR - F49620-81-C-0033.
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model development. On the other hand, a major difference in these
two programs is the use of an endochronic theory to model plain
concrete in the case of AFOSR and the use of a plastic-fracturing
theory in the case of DNA.

1.4 SCOPE

Although considerable progress toward achievement of the
stated objectives has occured under the current contract, the
complete development and validation of either a single-phase or a
two-phase theory of reinforced concrete is beyond the scope of a
single twelve-month research effort. Indeed, such a task requires a
period of focused and sustained research covering several years.

In order to render the research effort systematic and
manageable, attention was focused during the above mentioned
twelve-month research period on a subset of the tasks outlined in

subsection 1.2. In particular, model development was confined to:
(1) strain-rate independent plain concrete theories and (2) the
steel-concrete bond problem. Data collection and assessment, which
are critical to model validation, and also serves as a precursor to
model development covered, on the other hand, most of the task areas
outlined in subsection 1.2, including strain-rate effects.

A

1.5 PRESENTATION

The report presentation is divided into seven sections.
Sections 2,3 document the relevant experimental data base for plain
concrete and steel-concrete interaction. As was noted previously,
these are items critical to both model construction and validation.
Section 4 reviews previous constitutive models for plain concrete.
Development and validation of an improved model of plain concrete is
presented in Section 5. Section 6 presents the construction and
validation of an improved model of reinforced concrete. This
section also reviews some additional important experimental data
concerning the direct testing of reinforced concrete. Conslusions
and recommendations are furnished in Section 7.
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) 1.6 RELEVANCE

g This research program attempts to fulfill a critical need in
the defense community for more accurate theoretical descriptions of
0 reinforced concrete in the inelastic, nonlinear range of material
response. Such descriptions are essential components of numerical
o simulations of structural response. Simulations are, in turn,
o important elements in system design and evaluation, fragility
studies, and cost trade-off studies for protective facilities.
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SECTION 2
EXPERIMENTAL DATA BASE: PLAIN CONCRETE

2.1 REMARKS

In this section a comprehensive survey is made of the current
data on the behavior of plain concrete. Such information is vital
for model validation purposes. The discussion is partitioned into
uniaxial response (subsection 2.2), biaxial response (subsection
2.3), and triaxial response (subsection 2.4). A substantial portion
of this information is used in the validation of the improved model

of plain concrete presented in Section 5.

2.2 UNIAXIAL RESPONSE

The preponderance of experimental data on plain concrete has
been obtained from uniaxial tests. Much of the data is of little
use for constitutive theory development and verification tasks
because either experimental procedures were not adequately
documented or the generated data base was too small., For example,
many researchers make no mention of testing speeds or specimen end
conditions while much of the data is little more than a list of
observed compressive strengths.

For experimental data to be useful in constitutive theory
research the data must be the result of a carefully executed suite
of experiments. Care is needed because of the large number of
variables involved, Table 2-1. Additionally, concrete response is
extremely complicated. Typical wuniaxial compressive monotonic
response is shown in Figure 2-1. Concrete has little strength in
tension. In compression the response is initially elastic and then
becomes progressively nonlinear as internal microcracks propagate.
At a maximum compressive stress, f&, concrete can start softening
and the stress continuously decrease until, at some ultimate strain
€Lt complete specimen disintegration occurs. Typical cyclic
stress-strain curves are shown in Figure 2-2., Little hysteresis
occurs so long as the stress has never reached fé. On the
softening branch, Figure 2-2b, hysteresis appears more pronounced
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and possibly variable. Currently no well designed and executed
series of experiments has been executed on a set of identical
specimens over the entire uniaxial response spectrum.

Table 2-1
Experimental variables in concrete uniaxial testing
Testing Machine and Pro- Machine Stiffness
cedure Strain versus Load Control

Testing Speed
Servo Controls
Feedback Signal

Specimen Size and Shape
Aggregate Type and Content
Aggregate Size Distribution
Water/Cement Ratio
Curing/Storage History

Machine/Specimen Inter- Load Platen Stiffness

face Interfacial Friction

In the following subsections, equipment and experimental
procedures are first reviewed. The objectives here are (1) identify
problem areas in concrete uniaxial testing, (2) recommend techniques
that will produce reliable stress-strain data, and (3) suggest why
there is so much scatter in the reported data. Subsequently the
experimental data bases for concrete uniaxial monotonic and cyclic,
compression and tension reponse are reviewed.

2.2.1 Testing Machine Considerations

It has been very difficult for experimentalists to design
testing machines that load (or deform) concrete test specimens to
desired stress (or strain) time histories. The principal problems
have been

° inadequate testing machine stiffness

) unintentional constraining of specimen deforma-
tions.

A. Testing Machine Stiffness.

Figure 2-1 shows that under displacement controlled condi-
tions, concrete exnhibits a long softening branch., This branch
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Figure 2-1. Typical uniaxial monotonic response
of concrete.
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Figure 2-2. Typical uniaxial compressive cyclic response of concrete
(a) pre-peak response (b) post-peak response.
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i implies that concrete does not necessarily fail catastrophically
ﬁ when the stress reaches fé. Indeed current ACI guidelines for
w}, structural design account for concrete softening. Also most of the
%@ energy dissipation and material damping in concrete occurs on the
c.;iis softening branch. However, reliable data on concrete softening is
% [ difficult to obtain because sudden, even -explosive, specimen
,.: failures frequently occur when the stress reaches f;:' Figure 2-3
"4{3‘ shows data obtained by Nhitney(l) on three different concretes.
o The results indicated that uncontrolled specimen failure occurred
’:':;2:. when the magnitude of stiffness associated with the concrete
;E:E:S: specimen softening branch just exceeded testing machine stiffness.
:g,:!, Whitney suggested that such failures occurred because the testing
1’3 machine was not stiff enough to absorb the energy released as the
\I specimen softened. Hudson, Crouch and Fairhurst,(z) using virtual
,"’"3 work and stability arguments later repeated by Ahmad and Shah,(3)
;- gave a mathematical justification for this reasoning. Experimental
‘ , verification was obtained by Sigva]dason(4) who used two testing
“3\ machines with stiffnesses of 0.1 x 107 1b/in and 2.0 x 107 1b/in
}:w to test identical specimens. Specimens in the softer machine failed
f“f. explosively while those in the stiffer machine did not. Sigvaldason
J also noted that the failure stress was insensitive to machine
,;E:E?.:: stiffness.
Ei: | Several researchers have sought to prevent uncontrolled
ety specimen failures by artifically stiffening their test machines.
e Hsu, Slate, Sturman and winter (%) placed aluminum channels in
i parallel with their specimen so that they were simultaneously loaded
; along with the specimen. However the channels had too small a
,.:u : cross-section and the authors achieved only limited success. Ahmad
35:; o~ and Shah(3) placed a case hardened steel cylinder around but not
; in contact with their specimens. The cylinders responded
':3".' elastically up to an axial strain of 0.006 and were of sufficient
:fs.: wall thickness that the composite steel-concrete stiffness was not
w sufficiently negative as to cause uncontrolled failure. Hughes and
ﬂ.:': Chapman(6) effectively increased the stiffness of their universal
Qi:‘:{: testing machine when they were performing tensile tests by
f.".:s‘;:
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simultaneously compressing a steel block placed in the compression
compartment of the machine. From their experiments the authors
showed that concrete can soften in tension.

Concrete post-peak response can also be controlled if
closed-loop servo-controlled systems are used to apply the 1load.
Hudson, Crouch and Fairhurst(z) discussed such systems at length.
In a closed-loop servo-controlled concrete testing system the
feedback signal (a preselected varying deformation measure that is
characteristic of the experiment) is continuously monitored and its
value compared with that programmed into the system. If significant
error is detected, the control system automatically adjgsts load
cell pressure so as to minimize the error. For maximum
effectiveness system response time must be sufficiently fast and the
feedback signal judiciously selected. For rock testing, a response
time of 5 msec is adequate since then failure propagation will be
slow; this is well within the capability of many systems and should
hold for concrete also since the failure processes of the two
materials are similar. The optimum feedback signal is that
deformation measured which 1is most sensitive to the ongoing
failure. In a compression test, where failure results from cracks
parallel to the load, transverse displacement is the best choice
while in a tension test tensile strains or displacements are best.

In summary, the steps necessary to construct an adequate
testing machine and properly control it are known. However few such
testing systems exist.

B. Specimen Constraint Reduction

In uniaxial tension and compression tests, load is transferred
from load cell to specimen through steel load platens that are very
stiff relative to the concrete. Particularly in compression tests
interfacial friction between platen and specimen allows the steel to
inhibit free transverse motion of the concrete and retard internal
microcrack formation 1in the concrete parallel to the load.
Corsequently the specimen 1is artificially strengthened. This
phenomenon is particularly noticeable in cubes where no point in the
specimen is far from the load platens (RUsch(7)).
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The lateral constraint would not be objectionable if it were
not so uncontrollable. However, as is shown in subsequent sections,
frictional effects cause wide variations 1in observed failure
stress. Thus platen-specimen friction should be minimized. A
variety of materials have been interposed between platen and speci-
men to achieve this. Jones(s) even tried plywood and rubber.
Plywood had negligible effect but rubber induced premature failure
because the rubber expanded laterally more than the concrete and
induced lateral tension in the concrete. The usual technique for
reducing friction, (Hsu et al.(S), Hughes and Bahramian(g)), is
to alternate layers of waxed paper, plastic, teflon or metallic
foils with grease.

The latter authors, in comparing lubricated versus
unlubricated interfaces noted that lubrication

] reduced differences in concrete strengths
obtained from specimens of different shape

) resulted in compression specimens failing from

longitudinal splitting, which was indicative of
unconstrained deformation,

2.2.2 Specimen Considerations

The most serious source of scatter in concrete stress-strain
data is the specimen itself. The large number of variables that
describe a specimen are of two types -- concrete mix parameters and
the rest. Sensitivity of experiemental data to mix parameters will
not be discussed since these, in essence, define a concrete's
microstructure and thus fall outside the purview of continuum
mechanics based constitutive theories. The remaining variables are
specimen size, shape and curing history.

In uniaxial tests, specimens range from two inch cubes to 6
in. D x 12 in, L cylinders and larger. Concrete is subject to a
certain randomness in its macroscopic stress-strain response because
its behavior is governed by the initiation, propagation and final
coalescence of internal microcracks. Thus specimen strength
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decreases with increasing specimen volume since, from statistics,
larger specimens will have a larger expected initial microcrack
size. For example, Sigva]dason(4) found that 4 1in. cubes were 10
percent stronger than 6 in. cubes. Newman and Sigvaldason(lo) have
noted a subtle way that large specimens can effect experimental
results. An inhomogeneous distribution of aggregate and the
accumulation of voids beneath pieces of aggregate close to the top,
horizontal, free surface of the specimen, can result in a nonuniform
specimen strength. This was verified by Co]e(ll) who tested the
upper and lower halves of a 4 x 4 x 8 in. prism and found the upper
half to be weaker by as much as 56 percent relative to the lower
half. Consequently constitutive data obtained from test specimens
will be most representative of in situ plain concrete when the test
specimens are large; small specimens will tend to overestimate

strength, Sabnis and Aron1(12), Newman(13).

Three specimen shapes have been commonly used:
. Cubes

° Rectangular prisms

° Cylinders.

The most important specimen shape parameter is the specimen
longitudinal-to-transverse dimension ratio L/T. Extensive
experiments indicate that results are insensitive to L/T when L/T is
greater than two; this is reflected in the dimensions of the common
6 in. D x 12 in. L cylinder specimen. (Newman and Lachance(14)

recommended taking L/T > 2.5).

Thus the cube specimen is least desirable because it is overly
sensitive to platen induced end constraints. For example Newman and

Lachance(14)

found cube compressive strength to be 30 percent
greater than that of cylinders with L/T = 2.5, Sigva]dason(a)
found 4 in. cubes were 20 percent stronger than cylinders with L/T =
2; Hughes and Bahramian 9), using unlubricated platens found 4 in.
cubes were up to 50 percent stronger than rectangular prisms with

L/T = 2.5
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Tne effects of specimen size and shape are particularly
noticeable in the determination of the compressive softening
branch. Figure 2-4 shows results for a series of tests on marble
specimens and it is clear that for short specimens, where L/D < 0.5,
almost no softening is observed because of platen constraints. When
L/T > 2 response curves are fairly close together. When specimen
dimensions were scaled keeping L/T fixed, changes 1in specimen
response were not as dramatic, indicating that L/T is more important
than absolute dimensions. Of course large specimens are more
difficult to control on the softening branch because they release
more energy than smaller specimens. Thus larger specimens will tend
to failure more rapidly.

The final way that specimens can effect experimental results
is through their curing history. Curing effects are complicated and
are connected with the diffusion of moisture through the concrete
microstructure. Large specimens cure slower and more non-uniformly
than small specimens thus setting up moisture gradients which would
make large specimens more prone to curing induced microcracking.
Mirza, Hatzinikolas and MacGregor(ls) and Sabnis and Aron1(12)
noted that specimens cored from massive structures such as dams are
not size sensitive when tested. This is because while the specimens
were curing in situ they did not have large surface areas over which
to lose moisture. Thus for the current application, where the
structures are very large, it is best to make specimens by coring
them from larger specimens. An alternative would be to seal the
specimens against moisture loss/gain. This latter suggestion is
motivated by the work of Sabnis and Aroni who found that sealed
specimens also showed reduced sensitivity to size when tested.

Conclusions

The objectives of the discussion on specimen variables were to
identify reasons why there is so much scatter in the current data
base and to suggest how best to design a specimen that would be most
useful in protective structure modeling. The reasons for the data
scatter are clear:
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. . wide differences in mix (not discussed)
a&:.‘;:; o large number of different specimen sizes and
!‘:::: shapes
el
;&o: [ non-uniformity in specimen curing history.
..: ‘ To overcome these problems it is recommended that:

3
D)
.' ° in modeling a particular structure, the
3&5‘5 constitutive parameters be for the concrete mix
j;g;h-;i used to fabricate the structure,
et . specimens should satisfy L/T > 2 but not be so
;u; large as to prevent controlled descent of the
s]‘,sg:.. softening branch,
"I“‘“,
!';:;':: . specimens should ideally be cored from the
:*'-'f structure being analyzed or else cured in an
}*‘: environment that simulates in situ curing.
5

U
E‘::; , 2.2.3 Concrete Stress and Strain Rate Sensitivity

(To
?:E}S: Discussion of concrete rate sensitivity can be divided into
B two parts depending on whether testing lasts long enough for
W significant concrete creep to occur. Typical uniaxial tests last
PN only minutes and for longer tests, specimen creep or relaxation is
4_& possible while for shorter test time, concrete will exhibit a
’-)’ viscoplastic (i.e., rate enhanced strength) effect. Concrete
‘;:;:g.- strength increases monotonically with increasing strain rate,.
:;:::: Standard tests are performed at a rate of 10"1 in/fin/sec (or 35
AN N P
f,‘f,! psi/sec). Mirza, Hatzinikolas and MacGregor,(ls) using a modified
e
ik form of an earlier result by jones and Richart,(ls) stated that
?:,. represented the stress rate sensitivity of concrete strength. Here
— fC35’ fCR were concrete strengths at stress rates 35 psi/sec and
;}:2 R psifsec respectively. Eq. 2-1 was valid over the range 10'1 < R
W . 4 .
:'". psi/sec < 10 and predicted that fcl and fclOOO were 12
::t\'l : percent lower and higher than f.,.. (For R = 1, 35, 1000 psi/sec,
-_— fC35 = 4200 and initial Young's modulus E = 3.6 x 10° psi, the
1Y -
;::::‘: corresponding strain rates and test durations are ¢ = 2.8 x 10 7,
R 107%, 2.7 x 10°% in/in/sec and 7, 0.2, 0.07 min respectively.)
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4 More recently Kap]an(17) tested a 20 N/mm2 (2900 psi)
b concrete at stress rates 10'3 - 10 N/mmzlsec (0.145 - 1450
i psi/sec). Results for a 36-day concrete are shown in Figure 2-5.
L The data was found to fit the equation

; fCR = 0.84 fc35(1 +0.124 1ogloR) (2-2)
y

0

y which is similar to Eq. 2-1.

! High stress rate data have been obtained by Ferr1to(18)

A\ Natsteln(lg), Atchley and Furr(zo) and Hughes and watson(ZI).

3 Figure 2—% shows data frgm the first paper. Stress rate range was
{ 1.8 x 10° - 1.8 x 10" psi/sec which, for an initial Young's
é Modulus of 3.6 x 106 psi, corresponded to a strain rate range of 5
a X 10'4 - 5 x 10'1/sec. Thus load rates were much more severe
i than in previously discussed papers. Indeed for the highest rate
Ferrito found that strength was 30 percent greater than for the

static loading case. Note that initial VYoung's modulus also

i‘ increased (by 18 percent over static test value). Natstein(lg)
; obtained comparable results, Figure 2-7. He tested concretes with
* static strengths of 2800 psi and 6300 psi respectively and thus
) straddled Ferrito's 4000 psi static strength concrete. Watstein
B found concrete to be very rate sensitive with strength increases for
Q the weaker (stronger) concrete of 55 percent (19 percent) over the
Y strain rate range 5 «x 1074 - 5 x 10'1/sec. Thus concrete

strength under dynamic load increased more for the weaker concrete,
a trend consistent with Ferrito's data.

) Figure 2-7 also shows the data obtained by Atchley and
2 Furr.(zo) Their principal differences with Watstein are that they
i found weak concrete to be less strain rate sensitive than strong

concrete and more importantly the rate of strength increase de-
2 creased with strain rate. However, over most of the explored strain
rate range Watstein and Atcheley and Furr are in reasonable
ot agreement.
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Figure 2-6. Sensitivity of concrete compressive stress-
strain curves to stress rate.
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The preceding authors concentrated on determining strength
strain-rate sensitivity. Nelissen,(zz) Figure 2-8, obtained data
on both strength and softening branch rate sensitivity. Constant
strain and stress rate experiments were performed in pairs with
stress rate chosen to equal that initially induced by the constant

strain-rate experiment.

The stress controlled experiments achieved the higher failure
stress and ended in abrupt specimen failure. The strain controlled
experiments allowed stress to relax once the maximum stress was
achieved so that softening was observed. The data showed a 20
percent strength increase occurred between the slower and faster
stress controlled experiments compared to a 18.7 percent increase
predicted by Eq. 2-1. So Nelissen's results are consistent with
those previously discussed.

The softening branches obtained by Nelissen were at constant
strain rates of 1.7 «x 10'7/sec and 3.3 x 10'5/sec. At a strain
of approximately 0.0035 the two curves met. Rﬁsch(23) in his
softening experiments, Figure 2-9, covered the strain rate range
10;10/sec to 1.7 «x 10’5/sec and observed that stress-strain
curves crossed at ¢ = 0.003 with the faster loaded specimens showing
faster softening.

In terms of initial stress rate, the Figure 2-9 curves
correspond to 6.2 x 10', 1, 4 x 10'2 and 2 x 107 psifsec. Thus
the experiments were slow, taking from two minutes to two years.
Strength asymptotically approached a limit for test times greater
than 2 days.

It is reasonable to assume that in all but the fastest of
Rusch's experiments creep and/or stress relaxation was continuously
occurring. In concrete, creep need not be deleterious to structural
integrity, Concrete  behavior is governed by progressive
microcracking. If microcracking occurs at a sufficiently slow rate
then mortar creep will tend to close cracks, redistribute stress
concentrations around cracks and generally retard crack growth.
Therefore, as test time shortens, creep will be of lessening
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compression experiments.
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importance, cracks will not "heal," ultimate failure will occur at
lower strains, and the softening branch will be steeper.

o o -

g Experimental observation of this phenomena, while suggested by
4 very slow rate tests, would be difficult to observe at higher rates
N because of equipment shortcomings. As strain rate increases, a

aCTE

specimen sheds load faster on the softening branch and thus has an
increasing energy release rate. This energy is absorbed by the test
equipment but because of inertia in testing machine and
servo-controls, the system would find it increasingly difficult to
accommodate the energy as the energy release rate grew until finally
specimen unloading would become unstable. Figure 2-10 shows exactly

Pk
e

this type of behavior. Cylinders were tested at two strain rates,
32 «x 10'6/sec and 10‘2/sec. A stable softening branch was
observed for the lower strain rate while for the higher rate

SRS P o e

S unioading was unstable. From the data it is unclear whether the
behavior is the result of a machine inadequacy or actual material
response.

M Conclusions

it Conclusions are divided into two categories; those pertaining
to testing and those pertaining to structural analysis and
N constitutive theories.

4

33 Testing. The preceeding discussion showed that concrete is
{ rate sensitive over its entire response spectrum. Thus data to be
used in a structural analysis problem should be obtained over a
strain rate range characteristic of the problem, Additionally in
all concrete tests load rate or strain rate should be reported. If

l‘ 2 v.‘-“.‘

strain softening data is required then testing should be performed

'.

at several constant strain rates in a stiff, servo-controlled
testing machine and, depending on equipment limitations, there will
he a specimen-size/strain-rate envelope beyond which the testing
machine will be unable to control softening.

I et ot b .

Structural Analysis. For structural analyses to accurately

simulate concrete response one must model
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) strength strain rate sensitivity
) softening branch strain rate sensitivity.

No static structural analysis problem is completely time independent
because loads are always applied over a finite time period. The
loads and their application time will translate into some average
strain rate and concrete is rate sensitive at all load rates. Thus

to perform a conservative static amalysis the selected, fé should
be representative of the strain rates experienced during the loading.

For dynamic structural analyses strain rate effects can
enhance concrete strength 50 percent or more beyond that attained in
a static test. Thus a comprehensive analysis requires a strain-rate
dependent strength model, e.g., viscoplasticity, where both Young's
Modulus and the yield strength are rate sensitive. A conservative
approach, i.e., one that would underpredict strength, would be to
neglect rate effects and use data corresponding to a low strain rate
test.

The most important conclusion concerns the softening branch.
In Figure 2-9 the slope of the softening branch was shown to be very
rate sensitive, even at rates corresponding to static analyses,
because of creep. Physically, softening represents the gradual
performance degradation that concrete can experience and implies
that under suitable constraints concrete will experience controlled,
progressive shedding of load from a failed region into its
surroundings, i.e., failure need not be sudden and catastrophic.
Modeling of softening in finite element codes would be advantageous
since it would provide a physically based mechanism for qradual
failure and would obviate the need for the usual artifices employed
by modelers to simulate failure. If softening were not modeled then
a rational approach to failure would be to reduce stress over a
series of loads increments so as not to propagate a spurious failure
through suddenly overloading neighboring regions. What are totally
incorrect and unconservative are those models that maintain stresses
at their failure level once that level is reached.
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For dynamic analyses it appears that concrete may not soften

:J" under intense loading. Thus in impact analyses the impact zone
:a would spall and crush rather than soften and it would only be
::; farther away from the impact zone that softening would occur. In
" problems where the entire structure was impulsively loaded,
;;: softening would not need to be considered; concrete would just reach
;2‘ the failure stress and crush.
? 2.2.4 Monotonic Response in Compression
:: Figure 2-11 is a schematic of a typical uniaxial compressive
’ft stress-strain curve for a 'two-minute concrete test. Initially the
’E response is linear elastic with tangent modulus of 2 - 4 x 106 psi
;,' and Poisson's Ratio v = 0.2. At 0.3 - 0.4 f. (fl being the
K uniaxial compressive strength) anelastic response starts and
irreversible strains begin to accumulate. With a further stress
' increase the material strain hardens and the stress-strain curve
) starts to flatten until at the maximum stress f(': the curve is
R horizontal. For typical concretes f' is in the range 2 - 10 ksi
% and the corresponding strain €c is 0. 002 - 0.004.
7'3 Any attempt to load concrete beyond f(': results in explosive

failure. However, in a strain controlled experiment the stress
N decreases as the strain increases beyond e, and the material
x softens. The softening or descending branch at first steepens and
z, then flattens out. At some final strain ¢ ., uncontrolled
3 deformation occurs and failure ensues. Strain €ult is extremely
; sensitive to test and specimen conditions but for well controlled
s experiments is in the range 0.008 - 0.02. Figure 2-12 shows
; stress-strain curves for typical concretes and indicates that high
" strength concretes have a steeper softening branch and fail at a
Tower final strain.  Stronger concretes are in a sense more brittle
: because softening is controlled by creep mechanisms and strong
concretes creep less readily than weak concretes.
Figure 2-13 is a schematic of the stress versus volumetric
strain curve that results duri» < the ascending part of the Figure
E. 2-11 history. The curve is linear up to about 0.6 f. at which
R
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stress the rate of volume contraction decreases. At the critical

stress between 0.7 - 0.9 fE the curve is vertical and

o ]
dilatatioﬁsor volume expansion commences. For many concretes when
the stress reaches f& sufficient dilatation has occured that the
volume is greater than at the beginning of the experiment. At the
critical stress the instantaneous Poisson’s Ratio equals one half
and increases as dilatation increases. Figure 2-14 shows two

typical sets of data for volumetric strains.

Rﬁsch(23) showed, Figure 2-15, that the critical stress
corresponded to the concrete sustained 1load strength. Rusch

preloaded specimens of the same concrete in compression and then
recorded strain-time histories. In Figure 2-15 each curve is for a

fixed elapsed time and gives accumulated strain in that time for a
given stress. Stresses are normalized to the concrete strength
determined from the usual two minute compression test. Rusch found
that concrete would support indefinitely any stress below s
while for stresses above the critical value failure always occurred
given enough time. Thus L represents the onset of an unstable
progressive fracturing process which culminates in failure. For o <
L concrete would «creep and internal stresses would be
redistributed until a final equilibrium configuration was achieved.
From Figure 2-15 it can be concluded that for deformations lasting
less than two minutes creep effects will be negligible and since, in
this report, none of the extreme 1load environments involves
extensive periods of time, creep phenomena are not explicitly

considered.
Conclusions

(] Concrete uniaxial monotonic compressive
response is totally different from metals.

. The stress o.g at which dilatation starts is
the sustained load strength.  Stress o.g
signals the onset of an internal instability
which ultimately results in failure.

) If at the end of any structural analysis
residual stresses are greater than 0.7 fg,
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Figure 2-13. Volumetric strain €, for uniaxial,
monotonic, compression test.
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then the structure must be assumed unstable
. and, if enough of the structure is highly
stressed, in damage of collapse.

4
§ o Creep effects are unimportant for short time
:f phenomena. :
9 2.2.5 Cyclic Response in Compression
§ Protective structures may, under certain loading conditions,
$ be subjected to several Tloading-unloading-reloading cycles.
? Consequently, in this subsection a critical evaluation is given of
ﬁ the current understanding of concrete uniaxial cyclic response.
W
if Shah and Chandra(27) performed a fatigue study on plain
3 concrete. Samples were cycled in uniaxial compression in the ranges
{ 0.1 f to a f. where a equalled 0.6, 0.7, 0.8 and 0.9. In order
t: of decreasing cycle size the authors found the number of cycles to
failure was 17, 82, 1000+, 1000 +. Thus within the framework of
3 practical finite element analyses the possibility of a fatigue
failure can be discarded since it is impractical to track stresses
if around more than a few loading-reloading cycles.
k The pioneering work on compressive cyclic Jloading was
? performed by Sinha, Gerstie and Tulin(zs) and typical results are
, shown in Figure 2-16.
[}
K, The figure indicates that considerable creep was occurring at
' cycle peaks i.e., at the start of unloading strain continued to
s increase giving the cycles a rounded appearance. If there had been
. no significant creep or relaxation, the start of unloading would
‘$ have made a sharp corner as the strain instantaneously changed from
% increasing to decreasing. The authors noted that spontaneous (i.e.,
uncontrolled) unloading and specimen cracking occurred at points of
. vertical tangency on the cycles. Two important finds were \
¢ ) average stiffness over a cycle decreased as J
- cycles accumulated. :
,

|- -
®

The envelope curve traced out by cycle peaks
. corresponded well with the monotonic stress
strain curve.
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Cycle-sensitive stiffness degradation implies that concrete
exhibits elastic-plastic coupling i.e., the instantaneous elastic
unload-reload modulus changes as the plastic strain increases.
Coincidence of envelope and monotonic loading curves is an
indication that the failure surface in multiaxial stress space might
be unique and not sensitive to stress-strain history. Finally
Figure 2-16 shows that concrete can exhibit considerable material
hysteresis.

The findings of Sinha, Gerstle and Tulin have been
qualitatively verfied by Karsan and Jirsa(zg) and more recently by
Cook and Chindaprasirt.(30) Figure 2-17, from the latter authors,
shows that maximum stresses under cyclic load do indeed follow the
monotonic loading curve. Note that the authors achieved a sharp
unloading and that for cyclic loading along the softening branch the

unload-reload behavior is nonlinear.
Discussion
Under uniaxial compressive cyclic loading concrete is
(] hysteretic
) stiffness-degrading
0 nonlinear in its unload-reload behavior.

Uniaxial mathematical models, based on the above data, have
been developed and do exhibit these features. However, the theories
have not been implemented in the analysis of protective facility
structural response. Thus, currently, no definitive conclusions can
be drawn regarding the importance of including cyclic stress-strain
effects in stress analyses. In typical structural analyses concrete
is assumed to be

(] nonhysteretic
) nonstiffness degrading

° linear in its unload-reload response.
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The first assumption is conservative since it omits an energy
dissipation mechanism and thus would lead to an overestimate of
structural deflections and damage. The second assumption s
unconservative since it results in models whose stiffness is never

degraded. As a consequence predicted deflections are less than
those that would be obtained if stiffness degradation was included.

The most important shortcoming of the data on which the above
remarks are based is the strain rate at which the experiments were
performed. Cycle times were on the order of minutes while the
natural frequencies of concrete structures are approximately 1 - 10
Hz. Thus what is needed are cyclic tests which are an order of
magnitude faster than those discussed here. Since concrete is
strain rate sensitive, results from these tests might differ
significantly from those presented here.

2.2.6 Tensile Response

The least explored region of concrete uniaxial stress-strain
response is 1its behavior in tension. In structural design it is
usual to assume that concrete has no tensile strength and that all
tensile loads are carried by reinforcing steel. However, for large
structures, such as protected facilities, damage will at first be
localized and then subsequently propagate. Damage propagation will
be in the form of cracking and tensile cracking will require a
continuum understanding of concrete tensile response.

An accurate understanding of concrete tensile response can
only come from the performance of carefully controlled and
instrumented experiments. Thus the cylinder splitting or Brasilian
test is not an appropriate test because an inhomogeneous stress
state is induced in the specimen., Similar remarks hold for beam
type tests. Acceptable data come only from specimens loaded in
testing machines such that a gage section of the specimen is in a
homogeneous state of stress and strain. The most comprehensive
experimental study of this type was performed by Hughes and Chap-
man(G) whose results are shown 1in Figure 2-18. The testing

machine was discussed in subsection 2.2.1 and the tests were
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. performed at a constant strain rate of 6.7 x 10 “/sec. The figure
gh shows that concrete is extremely weak in tension. For most
1) concretes, uniaxial tensile strength f% is in the range of 200 -
gj 800 psi or 8 - 10 percent of f' Strains at maximum stress are 5
' x 107 -5 2 x 107 4 Surpr1s1ng1y if concrete is sufficiently
?f well constrained it will strain soften and, depending on the
9

2 concrete, sustain loads until strains reach 0.0002.

Ll'»

' Parallel to its compressive behavior, concrete has a sustained
. load strength in tension. Al-Kubaisy and Young(31) and
4
4 Domone£32) have shown that concrete will support loads less than
;‘ 0.6 - 0.8 f{ indefinitely but will finally fail under higher
;L loads. Failure results from microcracking induced creep. Figure
‘; 2-19 shows isochronous tension stress-strain curves for a typical
;: concrete. The curves are similar to those obtained by Rusch for
- compressive respanse.

)

2 Discussion

al The above data only describe the monotonic tensile response of
:; c.ncrete at essentially a single strain rate. Nothing is known
N about either the strain rate sensitivity or the cyclic behavior of
concrete in tension. Although concrete has 1little capacity for

- supporting tensile loads, its tensile behavior cannot be ignored.
:: Tensile failure and how concrete redistributes load after reaching
53 the failure stress will control how fast cracks propagate and how
:' fast a structure's load carrying capacity is destroyed. From the
iﬁ discussion on compressive behavior it is probable that concrete
b tensile response is strain rate sensitive and that strength is
fz enhanced and softening branch steepened as strain rate increases.
‘ Current data are for very low strain rates and so no data exist on
§ which to base constitutive models for dynamic structural analyses.
:ﬁ Under strain control concrete in tension would probably exhibit
{‘ cyclic behavior similar to that shown in Figure 2-17 for
39 compression. This possibility has not been explored and its
*t importance cannot be assessed.
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2.3 BIAXIAL RESPONSE
2.3.1 Remarks

Biaxial loading corresponds locally to a state of plane stress
wherein only two principal stresses are non-zero. The biaxial
stress state is called biaxial tension, biaxial compression or
compression-tension accordingly as the principal stresses are both
positive, both negative or of different signs, respectively.

Most biaxial experiments are performed on plate-like specimens
where one dimension, the thickness, is much less than the other
two. The specimen is loaded around the edges by forces in its
plane. For biaxial tension failure is similar to uniaxial tension
and occurs from a single thru-thickness crack perpendicular to the
direction of the maximum principal stress. For biaxial compression
failure occurs from a single crack in the mid-surface of the plate;
the crack does not meet the free unloaded surfaces of the plate.
Finally, for the case of compression-tension, the failure mode is a
mixture of the two previous modes depending on the relative
magnitudes of the compessive and tensile loads.

Slate and his co—workers(33'35) believe that under biaxial
compression failure is governed by tensile strain in the plate
thru-thickness direction while Kupfer, Hilsdorf and Rﬁsch(36)
believe that the biaxial failure modes imply that any realistic
failure criterion must depend upon all three principal stresses and
not just the two extreme stresses.

Multiaxial experiments on plain concrete were first performed
around the beginning of the century but it has only been in the last
thirty years that generally accepted data has been published. Many
different shapes and sizes of specimens and many different testing
machines have been used to obtain biaxial stress-strain data. The
objectives of all tests have been to subject specimens to known
homogeneous, stress histories and to then record failure 1loads
and/or strain histories. However, occasionally, difficulties
associated with experimental procedures and the complexity of plain
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concrete response have resulted in researchers unknownlingly not
achieving their objectives. In the following 1is presented a
discussion of specimen types, and testing machines and their affect
on experimental results. Subsequently, data from biaxial
experiments are presented.

2.3.2 Biaxial Test Specimens

One reason for the great difference in experimental results
obtained by different researchers 1is the wide variety of test
specimens used; this can be seen in Table 2-2. Biaxial test
specimens fall into three main categories

° plates
° cubes
. hollow cylinders.

"Plate specimens are by far the most popular because they are
easy to fabricate and minimize frictional constraints between the
specimen edges and the load platens. (Frictional effects reduction
through platen design will be discussed in more detail in subsection
2.3.3.) Weigler and Becker(41’42) tested a series of prisms whose
dimensions varied from 10 x 10 x 10 cm to 10 x 10 x 2 cm in uniaxial
and biaxial compression (o1 = 02) and found that specimen
strength decreased with size because of reduced platen constraint,
Figure 2-20. Similar findings have been reported by
Fumagelli.(so) Iyengar, Chandrashekhara and Krishnaswamy(44) in
their biaxial compression experiments used cubical specimens and,
because of friction over the 1large contact area between the
specimens and load platens obtained biaxial compression strengths

three to four times what is now considered correct.

Hollow cylinders have been used in compression-tension and
compression-torsion experiments. However, the specimens are diffi-
cult to fabricate with uniform wall thickness. Also, it is impos-
sible to obtain a homogeneous stress field in the specimen. This is
because cylinder wall thickness must be at least three times the
maximum aggregate dimension to obtain a reasonably homogeneous
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Table 2-2

Specimen types used in biaxial tests

Specimen Aggregate

Authors Ref  Type Dimensions (max)
Atan and Slate (37) Plate 5x 5x0.5 in. 0.75 in.
Kotsovos and Newman (38) " 10x10x4 in. 0.5 in.
Kupfer, Hilsdorf + Rusch (36) . 20x20x5 cm 1.5 «cm
Liu, Nilson + Slate (35) " 5x 5x0.5 in. Model aggregate
Robinson (39) " 10x10x4 in. 0.187 in.
Vile (40) " 10x10x4 in. 0.75 in.
Weigler + Becker (41,42) " 10x10x2.5 cm 0.7 cm
Andanaes, Gerstle + Ko (43) Cube 4 in. _——
Bertacchi, Berlotti +
Rocci (38) " 10 cm 1.25 cm
Iyengar, Chandrashekhara
+ Krishnaswamy (44) " 4 in. , 6 1in. 0.375 to 0.75 in.
Linse (38) " 10 cm 1.25 cm
Schickert (38) " 10 com 1.25 cm
Taylor (38) " 2 in. 0.5 in,
Traina + Zimmerman (38) " 3 in. 0.5 in.
Bresler + Pister (45,46) Cylindeb?)  9x1.5%30 in. 0.5 in.
Goode + Helmy (47) " 8xl x26 in. 0.375 in.
Isenberg (48) " 6.4x.84x10.2 cm 0.47 cm
Rosenthal + Glucklich (49) " 30.5x2.75x35 cm 1.25 cm

(a) Dimensions are outside diameter, wall thickness and gage length respectively.
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specimen. Yet when wall thickness is greater than ten percent of
the cylinder radius the stress state becomes significantly inhomo-
geneous thus making it impossible to accurately define stresses and
strains in the specimen.

In summary the preferred biaxial test specimen is one which,
in conjunction with its test machine, minimizes frictional effects
and stress-strain inhomogeneities.

2.3.3 Biaxial Testing Machine Considerations

The objectives of all biaxial experiments to date have been to
obtain data on concrete monotonic strength and stress-strain
relationships. No data has been published on either cyclic response
or post-peak softening behavior. Therefore, testing machine

stiffness is not of primary concern. Rather, for cube and plate
specimens attention has focused on transferring load to the specimen
with a minimum of friction between the load platens and the specimen
since friction induces lateral constraint on the specimen resulting
in artificially high levels of concrete strength.

For cubes and plate-like specimens there are three major load
platen designs:

() steel plate
0 brush bearing
) fluid-cushion,

The steel plate platen is a steel plate thick enough not to be
distorted during a test. When no lubricants are used between steel
and concrete, high levels of friction are present. Friction has two
effects on experimental results. First, it inhibits free lateral
expansion and contraction in the plane of the platen face thus
artificially stiffening the specimen. Secondly, in biaxial com-
pression loads applied through platens in one direction are
partially transferred to, and hence supported by, the load platens
orthogonal to them. The combination of these effects can lead to
totally erroneous results as can be seen in Figure 2-21. In Figure
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Figure 2-20. Uniaxial and biaxial compressive
strengths versus prism thickness,
d - W = uniaxial strength for d
= 100 mm.

e

Figure 2-21. Comparison of failure surfaces for biaxial
compression.
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2-21 data obtained by Iyengar, Chandrashekhara and Krishna-
swamy(44) using unlubricated steel plate platens are compared with
data from Kupfer, Hilsdorf and RUsch(36) who used the brush
bearing platens described below. Friction can be reduced by
interposing layers of material between the load platens and the
specimen. Table 2-3 taken from Nelissen(sl) shows how different
levels of lateral constraint can be obtained and that it is possible
to practically eliminate friction. Thus acceptable plate platen

arrangements can be designed for compression testing; however, the

;f'&‘ designs cannot be modified to transmit tension to a specimen.
Y Table 2-3
LN Coefficients of friction between 1oad platens and
sfg specimens for various lubricants
o (Source: Nelissen(51))
[
ikvl Coefficient
N Lubricant of Friction
RO
None 0.46 - 0.65
Graphite powder 0.28 - 0.31
Grease 0.15 - 0.24
0.05 mm teflon film and
! silicon grease 0.018 - 0.023
)
;‘i$ Rubber films and silicon
> grease 0.008 - 0.012
HeY
The brush bearing platen was first developed by
»‘-“G- v
ﬁ% ! Kijel]man$52) for soils testing and was later modified for
é}.: concrete testing by Hilsdorf.(53) As its name suggests, the
;ﬁ‘x surface of the platen resembles a brush. The space between the
g;! "bristles" allows the specimen to expand and contract freely. Also,
‘;}f by bonding the bristies to the specimen, tensile 1loads can be
jk}; applied. The brush platens used by Kupfer, Hilsdorf and Riisch(36)
:252 were steel filaments of cross-section 3 x 5 mm and with 0.2 mm
:‘f separation. The free length of the filaments varied from 65 mm to

105 mm with the shorter bristles being used on higher strength
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concretes. The authors were able to maintain flatness of the brush

ﬁ‘ bearing surface to within 2 x 1073 mm and no filament buckling was
2“ observed during loading. More recently brush bearing platens have
) been used by Siate and his coworkers.(33’35) Kupfer, Hilsdorf and

Rusch performed two series of biaxial compression experiments, on
ﬁi three different types of concrete. In one series brush bearing
* platens were used and in the other steel platens. Resulting average
biaxial failure surfaces are shown in Figure 2-22 where strength
enhancement arising from the steel platen's constraining action can

& be clearly seen.

% The third type of load platen for cubes and plates is the
'k fluid cushion pioneered by Ko and Sture(54) and applied to con-
{ crete by Andanaes, Gerstle and Ko.(43) Here load is applied to
‘; the specimen through fluid filled membranes pressed against the
jg specimen. The membrane possesses little stiffness and thus does not
% constrain specimen lateral motion. By inserting a steel plate
" between the membranes and the specimens, the authors obtained higher
o biaxial compression strengths than were obtained without the plates,
A Figure 2-23. This again demonstrates how friction between specimen

and stiff load platens increases measured strength. As with the
steel load platens the fluid cushion cannot be modified to 1load

g specimens in tension.

K

) . . . . .

%; For hollow cylindrical specimens frictional constraints have
w' not usually been of concern since sufficiently long specimens have
[A

been used, so that the specimen central section was free of end
effects. By applying compressive and torsional 1loads at the

R/
ﬁ cylinder ends states of compression-tension have been achieved and
reliable results obtained.

5 Rosenthal and Glucklich(49) attempted to obtain biaxial
1' compression data using hollow circular cylinders whose axes were
:: vertical. The cylinders were placed inside a rubber bladder which
el in turn was inside a thick steel tube. The clearance between
i concrete and steel was one inch. Biaxial loading was achieved by
%; simultaneously pressurizing the bladder and applying vertical end
d
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, Figure 2-23. Failure surfaces for biaxial compression using
fluid cushion and unlubricated steel platens.
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loads. The biaxial, compression, failure envelope obtained is shown
X in Figure 2-24, and it can be seen that for equi-biaxial compression
: (o1 = 02) stress levels are twice the wuniaxial compressive
W strength rather than the usual 1.2. The reasons for the increased
. strength level are not clear but are probably related to friction
¢
f; between the bladder and the specimen. As evidence of this it can be
gﬁ noted that without an applied vertical load the cylinder failed from
gﬂ a single horizontal circumferential crack, a failure mode usually
related to vertical tension. Tension could have been introduced
3:§ into the specimen if pressure induced membrane streses in the top of
ﬂﬁ the bladder were gradually transferred to the cylinder through
f% friction so that away from the ends of the cylinder there were
i; minimal membrane stresses in the bladder.

It is clear from the preceding discussion that great care must
be taken to ensure no extraneous stresses are introduced that give
spurious results. The most promising general purpose load platen
appears to be the brush bearing type because it can be used in both

" tension and compression and is free of frictional effects.

2.3.4 Stress-Strain Results

The data for the stress-strain response under monotonic,

$f biaxial loading up to failure appears to be reasonably complete for
:ﬂ ‘radial' or 'proportional' loading where the stress components are
%§‘ maintained at a constant ratio throughout the experiment. The
) discussion is divided into three parts corresponding to biaxial
ﬁw compression, compression-tension and biaxial tension.
%s A. Biaxial Compression
5:: Figure 2-25 summarizes results for uniaxial and equi-biaxial
. compression obtained by Weigler and Becker(41) in 1961 wusing
gﬁ plate-like specimens of dimensions 10 x 10 x 2.5 cm. All results
:;I are for the same concrete whose uniaxial compressive strength was
:5{ 6700 psi. Compared to the uniaxial response the equi-biaxial
; response exhibited more nonlinearity and larger stresses and
iﬁ strain. However, both responses did have an increasing volumetric
B
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Wi Figure 2-24. Biaxial failure surface.
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strain prior to failure. Since concrete under biaxial comprssion
does not exhibit surface cracking, and since concrete aggregate
remains linear elastic, the nonlinearity arose from relative motion
of the aggregate and mortar and possibly from nonlinearity in the
mortar response. Larger obtainable stresses and strains relative to

uniaxial response are to be expected for biaxial loading because the
multiaxial stress state inhibits cracking which is the ultimate
failure mode.

The wost comprehensive study of concrete biaxial response was

(36,55-59)

performed by Kupfer and his co-workers and is reviewed

by Dei Po]i.(so) Figure 2-26 shows typical results taken from

Reference.(36)

In Figure 2-26a are compared the stress-strain
response for three proportional loadings. The most surprising
result is that the maximum obtainable stress did not occur for
equi-biaxial compression but instead for a stress ratio 01/02 =
- 1/- 0.52. Again it is clear that Tlateral expansion (53) was
greater for biaxial compression compared to uniaxial compression.
Figure 2-26b shows that, in agreement with intuitive expectation,
volumetric compression was greater for biaxial compression than for
uniaxial and in agreement with Weigler and Becker(41) the
volumetric strains under biaxial compression started to increase

just before failure.

On each curve in Figure 2-26 are marked four points., The

elastic limit corresponded to the first deviation of response from

1 3§ linearity. As the degree of biaxiality of the compressive loading
%ii increased the linear elastic range increased, thus lending credence
3o to the idea that biaxial load constraint inhibits initiation of
‘.ﬁ“ additional microcracks. The inflection point corresponded to the
PER stress-strain state where the volumetric strain rate changed sign
:E;% and marked the beginning of the slowing down of volumetric
'i:& shrinkage. At the inflection point a new deformation mechanism was
iqﬁﬁ introduced that grew as the load increased and counteracted the

compressive actions of the applied loads. This new mechanism was
major microcracking which occurred in the plane of the applied

1 X
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loads. The sustained 1load strength of concrete probably lies
between the inflection point and the point of minimum volume. At
the minimum volume point microcracking had become so wide spread
that it swamped any tendency of the specimen to contract. The
maximum stress point indicated that under biaxial loading concrete
has a softening branch akin to the uniaxial response. However,
Kupfer did not examine this possibility in detail.

Figure 2-27 1is taken from a study by Liu, Nilson and

S]ate(35)

0.5 inch and contained circular inclusions of various diameters and

who used a model concrete. Their specimens were 5 x 5 x

randomly distributed. As the magnitude of 9,y increased relative

to o) the corresponding strain €y went from expansion to com-
pression. At o, = 0.201, €y3 Was essentially null for most of
the load history suggesting that for the concrete used, v = 0.2. In
consonance with the findings of Kupfer, Hilsdorf and Rﬁsch(36) the
maximum stress occurred for 02/01 = 0.5.

B. Tension-Compressiaon.

Kupfer and his co-workers(36’55'59)

used their brush bearing
platen testing machine to obtain biaxial compression-tension data.
Sample results are shown in Figure 2-28. It can be seen that as the
tension component increased, attainable levels of stress and strain
decreased and when the tensile stress had grown to twenty percent of
the compressive stress, strength was only thirty percent of the
uniaxial strength. Also, the response exhibited increasingly less
nonlinearity as the tensile component increased, indicating a

transition to a brittle, cleavage-type of fracture.

C. Biaxial Tension

There is very little data on biaxial tension, Figure 2-29 is
taken from Kupfer, Hilsdorf and RUsch(36) and shows that as the
loading changed from uniaxial to equi-biaxial tension, the specimen
stiffened and obtainable levels of strain decreased. Also, the
maximum obtainable stress levels were essentially independent of the
stress ratio 01/02 implying that for biaxial tension, strength
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is governed by a maximum stress component criterion derivable from
uniaxial test results. Finally note that the response up to failure
was essentially linear elastic.

2.3.5 Biaxial Strength Results

Most biaxial experiments on concrete have attempted to
determine the strength of concrete under biaxial loads and many
results have been obtained. The objective of such tests was to
determine biaxial stress Jlevels necessary to cause concrete to
fail. In principal stress space, biaxial stresses lie on planes
where one principal stress is null. On such a plane, stress
combinations at failure define a strength or failure envelope. In

the following only data which is considered reliable is presented.
Also, most results refer to short-term loading.

Kupfer, Hilsdorf and Riisch(36) published results for three
different concretes whose uniaxial compression strengths ranged from
2700 psi to 8350 psi. The data was obtained from proporticual load
histories using brush bearing platens so that frictional effects
were minimized. Strength (i.e., failure) envelopes in terms of
principal stresses 0,0, are shown in Figure 2-30 where stresses
have been normalized with respect to fé for each concrete. From
Figure 2-30 it is clear that the normalized strength envelopes are
essentially insensitive to concrete uniaxial strength. The authors
found that biaxial compressive strengths were greater than uniaxial

and that concrete could sustain only small tensile loads when
biaxially stressed. For equi-biaxial compression failure occurred

) when o; = o, = 1.16 f_ while for the load trajectory o =
R 20, failure occurred at oy = 1.27 f_.
&l
)
5&5 Gerstle et .gl.,(38) conducted a comprehensive test program
“'c designed to identify the sensitivity of biaxial compression failure
¢ :: surface to test technique. Seven laboratories in four countries
2 performed tests on specimens cast from the same concrete mix. The
?Jb anticipated experimental variables were load platen design and
ﬁ; specimen shape; specimen moisture loss was an uncontrolled variable
hy which for standard 3 in. x 6 in. cylinders, varied from 0.2 to 2.7
ohel
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Figure 2-27. Biaxial compression response for model concrete.
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percent., The five types of load platens employed in the tests,

(along with their two letter identifying codes), are shown in Figure g
2-31. In Figures 2-32 and 2-33 are given the failure envelopes '
found by the various test techniques.* The principal observation is
that specimens tested with unlubricated solid steel load platens
(denoted by DP) gave higher strengths than specimens tested with
fluid cushion (FC), lubricated (LP) and brush bearing (BR) platens. '
Also, there is much more scatter among the results obtained from dry
platens than among the remaining results. )

Several authors have focused their attention on the
tension-compression quadrants of the biaxial stress plane. Bresler !

and Pister(45’46) (48) performed compression-tension l

and Isenberg
experiments on hollow circular cylindrical specimens. [Isenberg's

results have also been reported by Johnson and Lowe.(Gl) Based on

their experimental results Bresler and Pister proposed the failure

surface shown in Figure 2-34., From the figure it can be seen that

in the compression-tension region strength is primarily controlled ;
by the tensile stress component. The slight increase in attainable
tensile stresses indicated in Figure 2-34 for moderate levels of
compressive stress levels is not necessarily real but may be only an
artifact of the curve fit employed by Bresler and Pister.

The results in Figures 2-35 and 2-36 are also for the biaxial
compression-tension failure surface normalized to f&. When the !
expanded tension scales are taken into account, the results are
comparable to those of Bresler and Pister. In Figures 2-35 and 2-36
both sets of authors believed the slight 's' shape to the failure \
surface might be real and indicated that the compression-tension ‘
quadrants were transition zones between the gradual crushing failure
of uniaxial compression and the sudden cleavage failure of uniaxial
tension. Figure 2-35 is a magnification of the compression-tension

* Acronyms BAM, ENEL, ICL, TUM NMSU, UCD and CU, which identify the
performing laboratories, are defined in Reference 38.
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N and biaxial tension regions of Figure 2-30 and raises the possi-

i; bility that the failure surface is sensitive to f.. In Figure ‘

G 2-36 the wide scatter between data obtained by various authors is ;

!; evident. !

é The only systematic determination of strength in the biaxial f

S tension quadrant was performed by Kupfer, Hilsdorf and RUsch.(36)

2 Results are shown in Figure 2-35 and indicate that failure occurred

a whenever a stress component reached the uniaxial tension strength. ]

, Very little data exist on the sensitivity of failure surface

K definition to differences in the path traversed in stress space from

Y zero stress to failure. Taylor and Patel(62) subjected both wet E

': and dry concrete cubical specimens to two types of stress history.

[ 4 For the first type radial loading was used. In the second type a

: sequential loading was employed where first one principal stress was

Q incremented and then subsequently held fixed while the other

A principal stress was increased from zero until failure occurred. 3

) The wet specimens were cured in water and kept moist during tests by

S a damp cloth while the dry specimens were stored in a normal

., laboratory environment for two weeks before testing. Results

: obtained are shown in Figure 2-37 and 2-38. For wet specimens the |
average strength obtained by sequential Tloading was greater than

J that for proportional loading. For dry specimens average strength :

b for proportional and sequential loading were approximately equal. f

2 Thus the evidence suggests that under the right conditions it might f

f not be possible to define a unique failure surface for biaxial

( stress states. )

" 2.3.6 Experimental Support for Plasticity Theories of Biaxial )

! Response !

Constitutive theories for concrete biaxial response are
sumetimes developed using the concepts of conventional plasticity.
In these theories an initial yield surface in principal stress space
' is postulated. The yield surface is closed, contains the zero
stress state and has a shape similar to the failure surface. For
Y all stress states inside the initial yield surface, concrete
! response is elastic. As stress component magnitudes increase, the
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stress state reaches the initial yield surface and the constitutive
h model predicts that on further loading some irreversible damage
occurs in the concrete. With continued 1loading the yield surface
expands in all directions so that the increa%ing stress state is

0 always on the yield surface. If the stress should subsequently
f_ decrease, the yield surface maintains its size and position and the
9 unloading response is elastic as is the response along all stress
M trajectories inside the yield surface. Additional damage to the
& concrete occurs only if the stress again reaches the yield surface

and expands the yield surface farther.

W Conventional plasticity theories also require that for all
points on a yield surface the material secant modulus be the same.

Experimental evidence to support plasticity models is
i limited. Dei Poli(so) has reported experiments by Kupfer and his
(< co-workers, Figure 2-39. In the figure Eo is the initial concrete
e secant modulus and the curves, plotted in principal stress space,
are curves of constant secant modulus. As stress increases, the
secant modulus decreases until at failure it is thirty percent of
its initial value. The small shaded area represents an elastic
region whose perimenter has similar shape to that of the failure
surface and could serve as an initial yield surface. The remaining
ii curves of constant secant modulus also are similar in shape to the

rx

5 X X X X X1
» Wb o o

failure surface and could serve as subsequent yield surfaces.

o Additional biaxial test data have been published by

gﬁ Vi]e,(40) Figure 2-40. In the figure the failure or ‘'ultimate'
y surface is plotted in principal stress space along with a
Zé 'discontinuity' surface. The discontinuity surface, whose shape is
<

similar to the failure surface, represents a 'critical point' where
. 'there is a marked change in the mechanical properties of the
ﬁ material and more severe cracking takes place which leads eventually
:“, to failure.' Thus the discontinuity surface does not represent
initial yield but rather some subsequent level of damage. However
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the surface is compatible with plasticity theory in that when the
yield and discontinuity surfaces coincide, all points on the yield
surface would experience the same ‘'marked change in material
properties.’

2.3.7 Issues

The qualitative response of plain concrete under monotonic,
biaxial loading up to failure is well understood. The principal
shortcoming is the lack of agreed upon experimental procedures so
that different laboratories performing the same tests on specimens
fabricated from the same batch of concrete yield the same results.
The international program reported by Gerstle et gl.,(38) is a
necessary first step and what are now required are efforts to
reconcile differences in results followed by development of

generally agreed upon testing procedures.

The most serious inadequacies in the experimental data base
are results on

o biaxial cyclic stress-strain response
() biaxial post-peak softening behavior
) strain rate sensitivity

] microcracking induced anisotropy.

A1l sets of data are needed before it is possible to predict the
response of reinforced concrete protective structures for 1load
environments of interest to the defense community.

2.4  TRIAXIAL RESPONSE OF PLAIN CONCRETE

For most analyses of protective structures, three-dimensional
constitutive theories of concrete are required. When a theory is
first formulated the developer validates it by fitting the theory to
existing data. The uniaxial and biaxial data discussed in Sections
2.2 and 2.3 have traditionaliy formed the major portion of that data
base. However, in the last few years, reliable triaxial data has
been published. The objective of this section is to review this
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triaxial concrete data. As in the previous section presentation of
triaxial data is prefaced by discussions of concrete micromechanics

£, and experimental procedures so that greater insight into the data
%j can be achieved.

v

s

2.4.1 Remarks on Micromechanics, Variability

i

;* Very little research has been done on the micromechanical
if behavior of plain concrete under triaxial loading and what data
85

i there are appear contradictory. Krishnaswamy,(63) subjected

four-inch cubes to various levels of triaxial compression, sectioned

the tested specimens and examined them for microcracking.
Krishnaswamy's principal observation was that the presence of all
around compression retarded microcrack growth. For example, under
uniaxial compression, cracks at the aggregate-mortar interface
started to grow at a compressive strain of approximately 0.0005,
while for triaxial compression, with minor compressive stresses
approximately ten percent of the major stress, interface cracking
did not occur until the major compressive strain reached (0.0018.

'g Krishnaswamy also noted that at failure the amount of microcracking
;Y induced by either uniaxial or triax compression was approximately
%J the same.

. Palaniswamy and shah(®4) tested 3 in. D x 9 in. L concrete
: cylinders. Most of their results were for moist concrete with a
;? uniaxial compressive strength of 2.3 ksi. In their tests the
ﬁ! authors applied axial and lateral stresses up to 24 ksi and 9 ksi
¥ respectively. The 1loading path was always one of hydrostatic
» loading followed by additional axial loading with the 1lateral
?‘ pressure fixed.

[\

The results of Palaniswamy and Shah fell into two distinct
regimes according to whether the maximum lateral stress at failure
satisfied either o, ., < 4 ksi or ¢

‘44

> 6 ksi. For low lateral

T

.v.. e

lat
pressures, post-test examination showed:

) surface bulging and cracking increased as
g1at increased

- -

o -
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° failure was of a splitting or tensile mode
similar to uniaxial failure

] compressive deviatoric stress components were
greater than the hydrostatic component

o maximum longitudinal strain increased with

e Yiat

‘3‘5 X .

?ﬁ? . bond cracking between aggregate and mortar
ﬁﬁﬁ increased with o3¢

o

] ultrasonic pulse wave velocities in both the
longitudinal and lateral directions were
increasingly attenuated as o1t increased.

Figure 2-41 shows the sensitivity of pulse velocity and total

bond crack length to maximum lateral confining pressure. For high

‘}ﬁ maximum lateral pressures (°lat > 6 ksi) an entirely different
i -

ﬁ:; behavior was exhibited:

3! fa

a&j ° little or no post-test surface bulging or

) lateral surface distress

0 failure was by mortar and aggregate crushing

Q?ﬁ e  the hydrostatic stress was greater than the
;153 deviatoric components
X‘\.'v\‘

<) ) lateral strains were always compressive

aka L bond cracking diminished as o},3¢ increased
St

O
Jﬁﬁu ° ultrasonic pulse wave velocity attenuation
ﬁ;h decreased as ojat increased.
e Additionally the authors also tested specimens that had been
.
&\: previously loaded to a hydrostatic stress of 8 ksi and found no
k.{ deterioriation in either stiffness or strength.
i

& The results of Palaniswamy and Shah clearly showed the
Y sensitivy of concrete failure mode and load to the level of imposed
3 hydrostatic stress, a result reflected by the entire triaxial data
L)) | :
P! base. Whether the results of these authors are in agreement with
AN those of Krishnaswamy is not clear since the two experimental
qu programs used entirely different specimens and load paths. Both
1qd

dgﬁ_ contributions indicate that triaxial stress states inhibit bond
::i'::
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¢rack initiation, However, the first paper concludes that at
failure the amount of bond cracking is almost always the same while
the second paper indicated bond cracking at failure first increased
and then decreased as the magnitude of stress components increased.

The dual natures of concrete triaxial response and failure
mode indicate the presence of competing influences. If the stress
has a large deviatoric component then significant tensile-deviatoric
stress exists thus encouraging a splitting failure. At  low
hydrostatic pressures, the presssure merely holds the specimen
together longer thus permitting higher 1levels of cracking. At

higher levels of pressure, pressure actively inhibits cracking thus
lending credence to the idea that aggregate-mortar interface bond
failure is in shear, the faiiure shear stress level being controlled
by hydrostatic pressure.

Plain concrete strength is conventionally characterized by its
uniaxial strength fé. For biaxial compressive stress states the
maximum obtainable stress is approximately 1.3 fé and so fé
still characterizes concrete strength and the size of the equipment
used in biaxial tests is essentially unchanged from (though more
complicated than) that used in uniaxial experiments. For triaxial
testing the same is not true. Under triaxial compression concrete
can support stresses larger than four times f& because of
constraints imposed on the specimen by the hydrostatic component of
loading. However, in most triaxial experiments maximum stresses are
much smaller than this because of equipment size, and concomitant
cost constraints. For example, to achieve stresses five to ten
times fé on four-inch cube specimens of 5 ksi concrete would
require 500,000 - 1,000 000 1b actuators and sufficiently strong
frames to support them. Consequently it is wusually practical to
explore only a limited portion of the concrete, triaxial stress,
failure envelope. The objective of the following subsections is to
show the wvariability that exists in concrete triaxial testing
techniques so that the scatter seen in data can be partially
explained in terms of test parameter differences.
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2.4.2 Triaxial Test Specimens

In triaxial tests two specimen types are used:
] solid cylinders
® cubes.

Cylinders are used in "conventional" triaxial testing where two of
the three principal stresses are always equal. The axial or
longitudinal stress is one principal stress while the other two
principal stresses equal the lateral or radial load applied to the
specimen's curved, lateral surface. All1 data from a conventional
triaxial test can be plotted on a single plane, the Rendulic plane,
in principal stress space. Further it is impossible to subject the
lateral surface to tension. Thus only a limited amount of data can
be obtained from cylinders.

The cube used in "true" triaxial tests, is a more versatile
specimen since all three principal stresses can, potentially, be
varied independently and tensile stress states can in principle, be
induced by bonding the load platens to the specimen.

No established guidelines exist for desirable specimen size.
To obtain an approximately homogeneous stress state in a specimen
aggregate size (A) must be small relative to specimen minimum
dimension (D). Typical values for D/A are shown in Table 2-4 where
the minimum and average values were four and eight respectively.

Johnson and Lowe(68) believed that concrete strength increased as

(73)
cm, 16 cm and 20 cm cubes were essentially identical while Dei
Po]i(74) reporting on the work of others, noted that 1 in. maximum
aggregate concrete was seven percent stronger than 2 in., maximum
aggregate concrete. Thus, based on a limited amount of data,

D/A decreased. Bertacchi found that strength results from 10

triaxial strength appears sensitive to maximum aggregate size.

2.4.3 Triaxial Testing Machine Considerations

Machines for triaxial testing fall into two classes corre-
sponding to the two specimen types. For cylindrical specimens an
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- Table 2-4
; Geometric data for specimens used in triaxial tests
R Max imum
o Aggregate Size
- Dimensions Size Ratio
N Authors Reference (in) (in) (D/A)
iy
S Kr i shnaswamy (63) 4 <0.75 5
[
o
rh Palaniswamy and Shah (64) 30 x 9L 0.50 6
'3
E Chinn and Zimmerman (65) 60 x 12L <0.50 12
l. -
LX)
?‘ Gardner (66) 3D x 6L 0.75 4
N
3 Gerstle et al (67) 2.5 0.50 5
X

6.4D x 12.8L 0.5 13
= 4D x 10L 0.5 8
L 3 0.5 6
)
. 2 0.5 4
\
}f 4 0.5 8
;3: Johnson and Lowe (68) 1.50 x 3L 0.93 16
L
f’ Launay and Gachon (69) 2.8 and 5.6 -- --
s
N Mills and Zimmerman (70) 2.25 0.375 6
. {
:3 Newman (71) 4D x 10L 0.8 5
a‘
hat Richart, Brandtzaeg
[, and Brown (72) 4D x 8L -- --
Qi D and A are minimum specimen dimension and maximum aggregate size respectively,
W‘
Ry
[)
\
)
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oil filled chamber surrounds the specimen lateral surface which, in

5 turn, is coated with a non-porous material such as neoprene to

g prevent oil from filling cylinder surface pores and inducing prema- :
? ture failure. Lateral surface loads are imposed by pressurizing the !
: oil chamger. Axial 1loads are applied through a hydraulically

%. actuated load platen. y
:E For cubical specimen tests three different platen designs were

i‘ used to minimize friction induced lateral movement constraints:

° brush bearing

ey

. fluid cushion
o  steel plate. j

The brush bearing and fluid cushion platen designs were discussed in
Section 2.3.3 and will not be reviewed further.

T TR N e e g

) Table 2-5 shows lubrication schemes employed in conjunction

9 . . . (65)

with solid steel plate platens. Krishnaswamy was the only

@ author to study the effects of different lubrication schemes on

;4 compressive strength in a true triaxial test where all three stress

;. components were varied independently. His results are summarized in

K Table 2-6 and it can be seen that as the amount of lubrication

W increased the maximum compressive stress at failure (03/fé)

; decreased, thus suggesting that wunlubricated 1load platens gave

N artificially high triaxial failure stresses.

< 2.4.4 Triaxial Test Procedures :
i; While most authors provided details on specimen composition

:: and curing, almost no description was given of testing procedures.

1 In particular only Gerstle et gl.,(67) Kotsovos(75) and Chinn

g and Zimnerman(Bs) noted specimen loading rate which varied over f
¥ the range 0.2 ksi/min to 5 ksi/min, In addition, Green and t
’s Swanson(76) performed their experiments at a constant strain rate '
L of 10'4/sec. Specimen loading path in principal stress space also

. differed considerably between authors. Palaniswamy and Shah(sd)

E initially loaded their cylinders hydrostatically then, holding the

K
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3 Table 2-5
Lubrication schemes for reducing friction at the

y specimen platen interface
;. Author Reference Lubricating Scheme
9 Gerstle et al. (67) 4 polyethylene sheets with molyb-
i denum sulphide grease
iQ Gerstle et al. (67) 2 polyethylene sheets 0.002 in.
g thick with axle grease
b
Y Gerstle et al. (67) 1 layer of grease
§ Krishnaswamy (63) 1 polyethylene sheet (0.006 in.)
5 Krishnaswamy (63) 2 polyethylene sheets with grease
)
>
f Launay and Gachon (69) 4 aluminum sheets (0.4 m) with
{ talc
I Mills and Zimmerman (70) 2 sheets of 0.003 in. teflon with
5 axle grease
| Mills and Zimmerman (70) 2 sheets of 0.004 in. polyethyl-
K ene with grease.
B Table 2-6
\
3 Effect of lubrication scheme on true triaxial
N failure stress, Krishnaswany(63)
q
b 1 Layer 2 Layers 0.006 in.
\ 0.006 in. Polyethylene
- Nonlubricated Polyethylene Pius Grease
oéa) 03 03 03 02 03
3 0.25 2.35 0.20 1.79 0.26 1.68

0.5 2.31 0.50 1.85 0.52 1.73
y 1.0 2.41 1.0 2.00 1.00 1.79
£ 1.0 2.40 1.5 2.05 -- --
o -- -- -- -- 2.00 1.89
{
§
.
b (a)a11 stresses normalized to fe, o1/fc = 0.20,
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lateral pressure fixed, increased axial pressure until specimen
failure. Krishnaswamy(63) loaded his cube specimens in the three
principal stress directions, sequentially. Chinn and

Zinmerman(ss)

subjected cylinders to four different load paths.
In their notation Type I loading coincided with that of Palaniswamy
and Shah., Type II 1loading was initially hydrostatic followed by
increased radial loading holding the axial load fixed. Type III
loading was purely hydrostatic while for Type IV loading axial and
radial stresses were increased at a fixed ratio. In the
El-(64)
first loaded specimens hydrostatically and then followed straight

line trajectories in the octahedral shear plane. Finally Mills and
(70)

international cooperative research program, Gerstle et

Zimmerman applied an initial hydrostatic load to their cube
specimens, then increased two principal stresses to a prescribed
level and finally increased one of these two stresses until failure

occurred.

There was also a paucity of definitions of what constituted
specimen failure perhaps because direct visual examination of the
specimen was not possible during tests. Mills and Zimmerman(70)
had 1little trouble recognizing failure since their specimens
explosively disintegrated. Chinn and Zimmerman assumed failure had

occurred when the stress in the specimen started to drop.

Dei Po1il’®

(i) Shickert and Winkler
of the strain components started to experience abnormally 1large
increases, (ii) Bertachhi and Bel1oti(78) used, as a failure
criterion, a sudden increase in strain in one direction accompanied

in his review of experimental work noted that
(77) assumed failure had occurred when one

by a sudden decrease in strain in the other two directions and (iii)

Bremer(79)

used a loading criterion and assumed failure when one
load component deviated abruptly from that programmed by remaining
constant. Most other authors did not describe their definition of

specimen failure.
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2.4.5 TRIAXIAL TESTING RESULTS

Most triaxial test data concerns the definition of a failure
surface under monotonic loading. In metals plasticity the yield
surface in three-dimensional principal stress space is an infinitely
long circular cylinder whose axis is the hydrostatic pressure line.
From the discussion on biaxial stress states it is clear that the
failure surface for concrete is not a cylinder because its
intersection with a biaxial stress plane is not an ellipse.
Alternatively said, concrete failure 1is pressure dependent. In
addition, the intersection of the three-dimensional failure surfaces
with planes of constant pressure is not circular. Consequently
concrete failure cannot be accurately described in terms of stress
invariants I1 and J2 alone. Gerstle et gl,(67) in a study
that paralleled the biaxial investigation summarized in Section
2.3.5, reported results for seven laboratories that used the same
concrete in all tests. Figure 2-42 shows failure stresses found in
a typical 60° sector of the octahedral (i.e. constant hydrostatic
stress) plane at a pressure 9, of 5§ ksi. Considerable scatter
existed between the various sets of data with unlubricated platen
machines giving the highest strengths. However, failure stress on
path 1 was consistently farther from the hydrostat (o1 = oy
=03 = on) than the failure stress on path 3, where paths 1, 2,
3 were loadings up the hydrostat to o, = 5 ksi followed by loading
in the octahedral plane. In the octahedral plane the 9] increment
on path 1 was compressive while the a3 increment on path 3 was
tensile.

Launay and Gachon(sg)

performed a more extensive study of
failure surface shape. Figure 2-43, which gives their results,
shows a 60° arc of the failure surface's intersection with various
octahedral planes, o, = 3a°a, where o, was uniaxial
compressive strength. The results in Figure 2-42 correspond to a =
3 and appear to be comparable. From Figure 2-43 it is seen that as
the amount of hydrostatic pressure increased the curves became more

circular.
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Launay and Gachon also plotted, Figure 2-44, the intersection
of the failure surface with 9 = s which corresponds to the
plane of data for conventional triaxial experiments. The inclined
line marked 03/00 is the principal stress axis o3 normalized
to uniaxial axial strength o, and the inclined Tline 90°
anticlockwise from it is the stress trajectory e = 0y, 03 =
0. Failure envelope expansion with increasing confining pressure

(here parameterized as a) is clearly evident.

Figure 2-45 shows the results obtained by Chinn and
Zimmerman(as). The authors probed the failure surface along
several different stress trajectories and for confining pressures up
to 20 fc‘. Their data possessed some scatter particularly at
higher pressures but, after allowing for a reversal of axes, the
trends are identical to those in Figure 2-44. The results of the
above authors are also in agreement with the data collated by
Johnson and Lowe,(68), Figure 2-46, from various sources.

From the preceding five figures a clear definition of failure
surface data can evolve. The failure surface is highly pressure
dependent in compression, possesses a small tensile stress region
which is pressure insensitive and, has noncircular cross-sections on
octahedral planes. Finally the intersection of the failure surface
with the plane o) = o3 is two curved lines that straddle the
hydrostat.

As part of the international cooperative research program
coordinated by Gerstle,(67) Schickert and Ninkler(72) performed
a beautifully documented set of true triaxial (and biaxial)
compression experiments. Stress-strain plots for every biaxial and

triaxial test were separately reported together with average results
and 99 percent confidence 1limit. Also both unlubricated and
flexible steel platen designs were investigated. The principal
findings and conclusions of the study, in addition to those stated
in the previous paragraph are:
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° unlubricated platens produce higher strengths than

*xé flexible platens
2? . unlubricated platens produce more scatter in data
o than flexible platens
] failure always occurs by extension in the direction
éﬂ of minimum principal stress.
ﬁé Figure 2-47 shows stress-strain data on a 34 N/mm2 uniaxial
5? strength concrete. In Figures 2-47(a), and (b) hydrostatic stresses
of 0.75 fc' and 1.5 fc' were first applied followed by loading
i?‘ in path 1 on the octahedral plane (i.e., 2Aa2 = 2A03 = —Aol).
;g The two confining pressures increased 9y to 1.8 f'c and 3.2
ig f'c respectively at failure thus demonstrating the beneficial
{: effect of confining concrete. Also compressive strain € at
{f failure was 3-10 times greater than that in uniaxial tests with most
ég of the strain occurring after departure from the hydrostat. Thus
%ﬁ concrete is more ductile in triaxial compression than is predicted
o by a simple scaling of uniaxial strain at failure by the ratio at
é failure of triaxial stress to uniaxial stress. When the two cases
j in Figure 2-47 are compared it is seen that for low confinement,
Q: volumetric strain still retained the characteristics of its uniaxial

response with a dilatational trend setting in just prior to
failure. For the high confinement case no dilatation occurred and

-
-

at failure all strains were still compressive.

(76)

Green and Swanson briefly studied triaxial cyclic

loading using cylindrical specimens of a 6 ksi uniaxial strength

SRR

:? concrete. Results for a single test are shown in Figure 2-48, where
sf symbols on the curves were used to indicate corresponding points in
%ﬁ the load history. A 2 ksi hydrostatic preload was first applied and
3} then the axial stress was cycled in compression. In Figures 2-48(a)
:Q negligible stiffness -degradation is evident while some hysteresis in
p the second cycle 1is evident, The pressure-volumetric strain
:a response was more complicated with dilatation occurring shortly
-~ after reloading to the puint of previous unloading. The resuits in
é: Figure 2-48 were for a low confining pressure and for only two load
k)
;
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- cycles at or below the concrete monotonic loading strength. Clearly
DD : .
;ﬁ& much more data are needed to fully represent concrete triaxial
B . .
gége response under cyclic loading.

b

13,8

f 2.4.6 Qutstanding Issues
ﬁfz Experimental data from concrete triaxial tests have mainly
?§~) covered two facets of concrete response: (a) failure under mono-
:* ) tonic loading and (b) stress-strain response under monotonic
" loading. For triaxial stress states limited or no data are avail-
ﬁf? able on the following possible response features:

N

U .
4.% ) post-peak response - strain softening
LA
L2 ° microcracking induced stiffness degradation
‘ﬁfj ° microcracking induced anisotropy
i,f: o cyclic stress-strain response

) ) strain rate sensitivity.

%?3 Given the multiplicity of adverse 1load environments that
{53 prote. ..ve facilities must survive, it 1is important that the
;)‘ existence and relative size cf these response features be determined.
o
kﬁ From the discussion of uniaxial results it is anticipated that
)
@Q. concrete failure will not occur when the stress reaches the failure
s&é surface if the concrete is properly confined. Rather, the stresses
. will subsequently decrease as the strains increase and neighboring
% ) parts of a structure will be exposed to increased loads. If this is
(]
$ the case then constitutive theories that assume failure has occurred
iﬁ‘ when the stress reaches the failure surface will be overly

) conservative while theories that maintain the stress at the value
a . . . .
g attained on the failure surface will be unconservative,

4
ff: Qualitatively concrete response can be described in terms of
j) microcracking. In the discussion on uniaxial and multiaxial experi-
f:} ments it was shown that microcracks propagate perpendicular to the
ﬁk direction of maximum deviatoric tensile stress. It is reasonable to
W,
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assume that microcracking in a particular direction will have two
consequencies. First stiffness perpendicular to the cracking will
be decreased while that parallel to the cracks will not. Secondly
the directionally dependent stiffness will imply that concrete has
become anisotropic both in its incremental stress-strain law and in
its failure strength. Currently the authors are aware of no
published data on microcracking induced anisotropy.

The cyclic stress-strain response data obtained by Green and
Swanson pointed to a complicated behavior even for the limited case
of conventional triaxial experiments. The consequences of such
deformation patterns in a protective structure are completely
unknown. Triaxial strain rate sensitivity could be important and,
in light of the demonstrated sensitivity of uniaxial data to strain
rates, should be explored.

A final item -- relative directions of the stress and the
inelastic strain increments -- should be added to the 1list. Such
data would aid in constitutive model development. However, no data
exist to suggest that constitutive model prediction errors are the

result of incorrectly assuming an "associated fiow rule."




) SECTION 3
o EXPERIMENTAL DATA BASE: STEEL-CONCRETE INTERACTION: !
:
3 3.1  REMARKS
& The least understood aspect of reinforced concrete response is
gg the interaction (load transfer) that occurs between the plain
%ﬁ concrete and the embedded reinforcing steel bars - rebars. Much
W time and money have been spent testing vreinforced concrete
’ structural elements. All such experiments can hope to achieve is a
f statement on how the particular element being tested responds to the
k: loads being applied. Nothing can be concluded concerning steel-to-
hi concrete load transfer. This is because in such experiments there
- is a multiplicity of active phenomena, few of which have been
if controlled enough to determine their individual contributions to
ij steel-concrete interaction. Additionalily, nonlinearity of
< reinforced concrete response precludes either scaling of results to
: predict stress and deformation of larger but similar structures or
o the prediction of the response of related structures. To understand
1 steel-concrete interaction, specially designed and carefully
Hf controlled and instrumented tests must be performed. What follows
| is a discussion of such tests and the results obtained therefrom.
E' As long as a reinforced concrete structure has experienced no
\ cracking there is negligible interaction between the steel and
2; concrete. In this case satisfactory stress-strain equations for
h reinforced concrete can be obtained by modeling the steel and
lﬁ concrete as a homogeneous continuum whose material properties are a
is weighted volume average of those of steel and concrete. After
N cracking has occurred, three new load transfer mechanisms are active
;f that are associated with:
,é ° Steel-concrete bond
;5 ®  Aggregate interlock
?’ ° Dowel action.
ig! Thus, any useful reinforced concrete theory must adequately simulate
l: these mechanisms. The steel-concrete bond transfers rebar tensile
@
- 104

PR BON P NP Ry L) FO"arw S NS X » LS LR RN . ~ . 5 . . N )
)g.,” PRV RO J‘._,; oo IETE R IEIPIE B AWy B G0 Tl 5 AR, §S N -J,'\‘.: )‘h‘,.: o -\.'\__:‘,\Ei

*, b8 . %\ ! " Y EA 1R LY l" L w - \‘i LR ok
M O TR W X Q O ) RA P, P ’
AU PIIUOUMOA N :'é).“ t?‘m’t, AT SR (-‘g A"oﬁ':'n l,t' Ay Z " .- ol .l._.\:‘!la ’h !'; !l;'. ". RN NN A % %



J"‘Q

.i:.f‘ﬂ

*;v‘.l.'

’ stresses into the surrounding concrete. For modeling purposes this
;&f transfer mechanism is idealized as an interfacial shear or ‘bond’

1¢g: stress, Figure 3-1, that is governed by a bond stress-bond slip

AN »

g%* law. Bond slip is the relative motion of a rebar and its sur-
s

0 rounding concrete. Aggregate interlock or “interface shear
AN .
;yg; transfer"® is the locking up of aggregate asperities on opposite
§

;&Q' faces of a crack so as to provide a shear stress transfer mechanism
3

gz: across a crack face, Figure 3-2. Finally, dowel action is the

resistance provided by reinforcing bars that span a crack, to
- sliding of the crack faces relative to each other, Figure 3-3. In
ék} the present research program emphasis was placed wupon the

f?. steel-concrete bond. Further work is needed to understand the roles
) played by aggregate interlock and dowel action in transferring load
{il from one area of a degraded reinforced concrete structure to another.
R
:5& 3.2 MECHANICS OF THE STEEL-CONCRETE BOND
L)
\ 3.2.1 Steel-Concrete Bond Mechanisms
At
)
37_ The processes that contribute to the steel-concrete bond have been
0 studied by Bresler and Bertero,(az) Dorr,(83) Edwards and
oy (84) (85) (86)
0 Yannopoulos, Ferguson et al., Lutz and Gergely and
73’ it is generally accepted that there are three contributions:
i
Y
f\ﬁ‘ ) adhesion
¢
2@& ° friction
3&?, e  mechanical interlock.
é \
@ﬁ Adhesion is the physical bonding of the concrete to the steel and is
i the result of chemical processes that occur when a reinforced
. concrete structure is curing. Friction is present because during
§4 the curing process the concrete shrinks around the reinforcing steel
A
; leaving the steel-concrete interface in a state of residual
!,“
»x‘ compressive stress. Finally, mechanical interlock arises from the
lugs on the surface of a deformed rebar interlocking with the
TR !
i; surrounding concrete. Of course, for plain rebars mechanical
Iﬁ* interlock is not present.
5
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" 0f the three contributions, mechanical interlock is the most
g; important contributing approximately half the strength of the
f% steel-concrete bond. Lutz and Gerge]y(ss) examined bond stress in
K}

R detail using finite element analysis. Their principal conclusions
o were:

)

33 ° Adhesive bond has a strength of 50-100 psi and is

e destroyed at low levels of bond slip.

Bt

R ) Compressive stresses arising from concrete shrinkage

. are approximately 100 psi.

¥

:{ ) Shrinkage stresses are sufficient to keep steel and

? concrete in contact during the slip process, i.e.,

nﬂ they dominate any tendency for the steel and

ol concrete to separate because of a Poisson's ratio

4 differential between steel and concrete.

W]

e

{ 3.2.2 Bond Failure Mechanism

¥

:& Depending on the geometry, bar type, rebar configuration and
2 stress history a reinforced concrete structure can exhibit a variety
A of failure modes. Here discussion is limited to experiments on a
éq single rebar in which case the observed failure types are:

a

i ° puliout

%4 e  transverse cracking

)

g‘ ° longitudinal cracking

ﬂ! ° rebar yielding or fracture.

:; Edwards and Yannopou]os(83) and Mains(87) found that plain
;4; bars pulled out without visible surface cracking. Mathy and
' Natstein(sa) noted that a similar pullout occurred when deformed
K

. bars were not embedded far enough into the concrete. Ferguson et
ﬁi 21.’(85) and Bresler and Bertero(sz) found transverse cracking
:Q occured when the rebar had insufficient concrete cover. In this
QQ case small radial cracks initiated close to the rebar and propagated
[}

o outwards in a plane transverse to the rebar. Goto(ag) tracked
%‘ growth of such cracks using a dyeing technique and theoretical
ﬁ‘ evidence for transverse cracks was given by Mirza and Houde.(go)
b
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;‘ Transverse cracking failure results when tensile stresses in the
: concrete exceed concrete tensile strength and can be inhibited by
25 using larger covers.

f{ Longitudinal cracking occurs because large hoop stresses are
- induced in the concrete by the rebar lugs that push the concrete
?ﬂ outwards as slip occurs. Untrauer and Henry(gl) and Tepfers(gz)
Eﬁ showed that 1longitudinal cracking occurs in beams and simple
W geometries under multiaxial Tloading. Many researchers delayed
) splitting by surrounding the rebar with stirrups (Mains,(87) Kemp
;ﬁ and N11helm(93)) or wire cages (Ferguson et a].,(94) Mathey and
}f Watsteln(sg))) Presently, no criterion exists for when
i longitudinal rather than transverse cracking should occur although
S; Lutz and Gerge]y(as) suggested a necessary condition is that the
? bond stress be greater than the rebar stress.

=§' Rebar yielding and fracture occur when rebar embedment length

is sufficient to preclude pullout, and cover is sufficient to
! suppress cracking.
§§

3.2.3 Experimental Procedures for Bond Stress-Bond Slip Determination

Specimens used to determine bond stress and bond slip

e information have been of the following form:

i \
;ﬁ e pullout |
b

N . ‘
& ° tension

& 0 structural element.

)

K The pullout specimen was the first to be used and is shown

4% schematically in Figure 3-4, One end of the rebar is embedded in a

“ block of concrete and the tensile load that is applied to the rebar

L. free end is equilibrated by a fixed steel restraining plate.

-? Pullout specimens are either 'concentric' or ‘eccentric' depending

H; on whether the rebar passes through the center of gravity of the

N concrete cross section. Concentric specimens have a circular,

? rectangular or square cross section, (Edwards and Yannopou1os,(84)

i (75), Mathey and watstein,(ss) Tepfers(gz) and Untrauer and
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Figure 3-4. Pull out test specimen.
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Figure 3-5. Tension test specimen.
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‘¥§9 internal channel, placing strain gages in the channel, and welding
:i'J the bar halves together again. With an internally strain-gaged
:&g* rebar the strain distribution in the rebar was measured and the bond
Heht .
‘ﬁ- stress distribution compatible with it computed as follows. From
He Figure 3-6 if e(x) 1is the 1local bar tensile strain then by
' g: equilibrium
X
l""
'...‘v U"EC T __Ado__AEdE
= * bT T pdx T T p dx (3-1)

e
:kgu where o and p are the stresses in the bar and bond, E is the bar
$§; Young's modulus, and A and p are the average bar cross section area
h&ﬂ and perimeter respectively. However, currently there does not exist
ggf any method of monitoring the slip between steel and concrete away

N
s

from the ends of the concrete cover.

‘iﬁi 3.2.4 Parameters Influencing Bond Slip and Attainable Bord Stress
;qg Some of the principal reasons why so little progress has been
A made in developing constitutive models for the interaction between a
b', rebar and surrounding concrete are the numoer of independent
". d > - .
ig‘ variables involved, the different measur- used to report
K experimental results and the great scatter that exists in data from
0
:‘§~ ostensibly identical experiments. Experimental variables at the
: : disposal of a researcher include at least those shown in Table 3-1.
A Additionally, there are non-quantifiable variables such as:
é;; . casting orientation
;§;j ° bar position
st ® curing history.
e
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dx

ibrated by bond shear

showing uniaxial bar stress ¢ equil

A and p as bar cross

Differential bar element,

(a)

Figure 3-6.

(b) Definition of

-section area and perimeter.

stress Tp.
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Table 3-1

Variables in the design of steel-concrete
interaction experiment

o Load History

Stress Level

Monotonic or Cyclic
Static or Dynamic
Uniaxial or Multiaxial

° Specimen Design

¢ Pullout

e Tension

® Structural Element
) Rebar Geometry

e Diameter

® Surface Finish

¢ Embedment Length

° Rebar Material

® Yield Stress

° Concrete Geometry
o Cover Dimensions
® Cross Sectional Shape
® Aggregate Size

() Concrete Properties
o f'c
) Auxiliary Reinforcement
e Stirrups
o Wire Cages
Some progress has been made in assessing sensitivity of bond

strength and slip to the 15 or so independent variables; the load
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- parameters will be discussed later and the specimen design has been
§§ discussed in the previous section.
- Ferguson et gl.,(94) Figure 3-7*, noted that for a constant
average bond stress, Tay? end slip increases almost linearly with
z rebar diameter. Since
'
b . . .P
av- Zwdl (3-2)
:i where P, d, L are bar end load, diameter and embedment length
- respectively, it is impossible to transform this result into a
:: statement on how Tav varies with d. It is reasonable, however, to
L expect some sensitivity since rebar diameter influences manu-
facturing-induced residual shrinkage stresses which in turn control
frictional contributions to bond stiffness.
3 It is demonstrably evident that a bond stress/bond slip
2 constitutive relationship depends on rebar surface conditions,
‘j Mains observed that plain bars have half the resistance to bar
Q pullout and/or bond failure as deformed bars while Edwards and
g Yannopoulos found plain bar bond strength to be 35-50 percent of
o that of deformed bars. Further Goto,(89) using three differcnt
‘? lug designs, showed that results are also sensitive to lug design.
;ﬁ Embedment length is another parameter with an obvious effect
v of bond strength. Here, for a pullout test, embedment is defined as
4 the length of rebar covered by concrete and for a tension test it is
k. half the length. Embedment also influences the bond stress distri-
a bution and the test specimen failure load, with short embedments
K resulting in pullout and long embedments producing concrete cracking
?; failures or bar yielding.

i *Tn Figure 3-7 compare solid curves as a group and dashed curves as a group.
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Figure 3—7. Average bond stress versus loaded end slip.
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R No research has been done on bond strength and bond stress

::*’; distribution sensitivity to rebar material properties. Rebar

:o: Young's modulus and Poisson's ratio vary little from bar to bar, so

{: the only remaining variable is rebar yield stress which can control

’z" specimen failure mode in that test specimens with low strength bars

‘é might fail in bar yield/fracture, whereas with high strength bars,

‘: they might fail by bar pullout.

~§ Concrete cover is a very important parameter in determining
: test specimen failure mode and load, and is defined to be the

W, minimum distance perpendicular from the rebar to a concrete free

: surface. Edwards and Yannopou]os(84) found that by increasing

" cover from 1.4 to 2.0 bar diameters, specimen pullout strength

’"-" increased 20 percent. They also noted that increased cover also
increased shrinkage stresses on the rebar and the ability of the
cover to resist longitudinal and transverse cracking. A similar
}‘F observation was made by Ferguson et _1_.(94) Tepfers(gz) found
v that for six different covers the bar load necessary to induce the

;.:::: first surface crack increased monotonically with bar cover.

;u'::: Using concrete prisms with a square cross section Mirza and

:‘:?, Houde(go) showed that cover controlled the distance between

) transverse cracks in a specimen, with smaller covers producing

}:'i; shorter inter-crack distances. They also noted that

x: ) bar end slip increases with bar cover (Figure 3-8)

;: ) restraint on the rebar increases with bar cover

d (Table 3-2)

' These statements appear contradictory but are easily

reconciled. First, bar end slip was measured at the ends of tension
:j specimens with the same length of concrete cover. Specimens with

: smaller cover experienced transverse cracking, and slip occurred at

f‘ these crack locations but was not taken into account. Thus the

$ smaller covers tended to move with the rebars while the larger

O covers experienced little or no <cracking and remained more

o monolithic. To explain the second statement note that for each

:?:g cover size, bar slip was computed using rebar lengths equal to the

'.j:':' intercrack distance for that cover.

.‘.',2
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Figure 3-8. Bar end load as a function of end slip for different covers
and concrete strengths ---- 3000 psi, 6000 psi.
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The effect of aggregate size and shape on bond strength and
distribution has never been investigated. Its possible importance
would arise from any influence aggregate surface asperities have on
the quality of the mechanical interlock between aggregate and rebar

lugs.
Table 3-2
Restraint on rebar slip increases with cover
(a) (b) Inter-
. crack
Specimen Ac Slip Elongation Restraint Distance
Size (in.2) 10 40y (0% in 0% inn) (inn
2 x 2 4 16.5 17.6 0.9 1.0
4 x 4 16 23.0 44.0 21.0 2.5
6 x6 36 33.0 70.5 37.5 4.0
8 x8 64 23.4 70.5 57.1 4.0

(a) Measured at 50 ksi bar end stress

(b) Computed with bar length equal inter-crack distance and with 50 ksi
bar stress, £ = 28.4 x 106 psi.

The most important plain concrete property is its simple

(91)

compression strength f'c. Untrauer and Henry in a series of

pullout tests found that average bond strength = was propor-

tional to f' , a result in agreement with Ui: findings of
Ferguson et gg,iga) Similar trends were reported by Perry and
Jundi.(96) (97) found that the bond stress
distribution was also sensitive to f'c; this will be discu?sgg
further in the next section. Finally, Mirza and Houde

believed that bond strength is in fact insensitive to concrete

strength; however, it is possible that the large scatter in their

Perry and Thompson

results precluded observation of a definite trend. |

Other variables that influence attainable bond stress levels
are less understood. Mains,(87) Mathey and watstein,(88)
.,(99) used stirrups and wire cages in their

Bertero et al
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1'2‘ specimens to increase resistance to longitudinal splitting. The
gﬁ S effect of these added reinforcements was to impose additional radial
ﬁa : constraints on the rebar and thus affect both the frictional and
Qs‘, mechanical interlock contributions to bond strength. However, no
EW#; attempt has been made to study this effect in detail.

i%ﬁz Finally, the fabrication process itself introduces significant
k&f‘ variations 1in bond strength. In particular, when concrete for
e eccentric pull specimens is cast with the rebar horizontal,
. attainable bond strength 1is sensitive to whether the rebar is
f‘$ towards the top or bottom of the form. Ferguson g;_.gl.,(85’94)
j‘%@ noted that because water and entrapped air tend to collect
B underneath top-cast bars such specimens have up to a 20 percent
s;f weaker bond strength than bottom-cast bars. Similarly, when pullout |
:": specimens were cast with short covers and with the rebar vertical,
ébj Edwards and Yannopou]os(84) observed that the bond was weaker when |
égd‘ the rebar was pulled downwards than when pulled upwards and the
_— difference was attributed to water and pores beneath the rebar lugs.
?'g Not all the variables listed in Table 3-1 would be present in
;;;3 a constitutive theory; load history parameters obviously would be
e while test specimen type would not be. The theory would relate bond
7i% stress to bond slip at each point along a rebar and would be applied
$§f to individual rebar-concrete mix combinations. A general theory
&Lt' that has lug design described explicitly through a set of parameters
ffﬁj is not anticipated. Instead, specimen tests would have to use the
o actual rebar type to which the theory would be applied. Rebar

embedment length would not be a constitutive parameter; rather its

T

effect would be predicted by the theory. Rebar yield would be a
parameter in the theory. Of the concrete geometry listed in Table
3-6, only cover dimensions might be in a constitutive theory, and

-

T

i

jﬁ; then, only if the prestressing effect caused by shrinkage during

ﬂs curing could not be accounted for analytically. Concrete compres-

] Py

*b{. sive strength would be a constitutive variable. Approaches for

‘e accommodating stirrups and wire cages into a constitutive theory are

i !

th not known at present and, of course, the theory would not account

L

kﬁk: for fabrication-induced anomalies in bond strength and stiffness.
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3.2.5 Bond Stress Distribution

The measurement of bond stress along an embedded rebar can only be
achieved by indirect means through computing the slope of the curve
of steel strain versus distance along the rebar. Darr(83) noted
that since bond stress is essentially the spatial derivative of a
measured quantity, its value is subject to more scatter than bar
load, bar end slip and bar strain. Additional scatter is introduced
through unevenness in bond arising from curing variations and
differences in bar surface conditions. However, general trends are
clear. .Figure 3-9 is typical of the results obtained and shows how
the bond stress distribution varies along a rebar in a pullout test
for three different levels of bar end load. For low levels of bar
load most of the bond stress is at the loaded end of the bar. As
the load increases the maximum bond stress increases and occurs
farther along the rebar, also complete debonding occurs at the
loaded end. Similar trends can be seen in the work of Mains,(87)

Figure 3-10.

From Figure 3-9 it is clear that maximum local bond stress is
a function of both external bar load and, less expectedly, distance
from the loaded end of the specimen. This latter observation has
been made by several authors; Bertero et gl.,(gg) Mains,(87)
100) (87) There are at least two

Nilson( and Perry and Thompson.

possible reasons for dependence on distance along the rebar:
® Near the loaded end of the specimen there is not so

much constraint from the concrete as would occur
deep inside the specimen.

) During curing, water and air pores might have
collected around 1lugs near the specimen ends
weakening the concrete.

(84) contend that maximum bond stress

Edwards and Yannopoulos
does not vary with distance along the rebar. However, these authors
intentionally set out to achieve a uniform bond distribution along
their rebar by using a short embedment length. The dependence of

maximum bond stress on cover length has an important consequence for
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specimen design. If a short embedment length is used, a lower
maximum bond stress will be measured than would be achieved in an
actual structure. Thus to obtain results of practical importance,
either a sufficiently 1long embedment 1length must be wused or
additional concrete must be added to the ends of the specimen, as
was done by DBrr,(83) Figure 3-11, to achieve a high level of
constraint about the rebar at the loaded end.

So far the discussion has been limited to rebars under tensile
stress. When the rebar is in compression locally high levels of
bond stress are achieved where the rebar enters the concrete
(Bertero gg_gl,(gg)).

3.2.6 Attainable levels of Bond Stress

In this section are gathered togethér a selection of the
values obtained for maximum bond stress under monotonic 1load.
Effects of cyclic loading and lateral constraint will be assessed in
the following sections. Because of the large number of experimental
variables involved, a wide range of bond strength values has been
found that is further complicated by the ways bond strength is
defined. Authors that do not use internally instrumented rebars
have defined bond stress as bar load divided by embedded bar surface
area. Obvious draw- backs to such definition are that computed
bond stress decreases as embedment length increases, since the bond
stress distribution that reacts the bar load is localized; if only a
short embedment length is used, low bond stresses are again obtained
because of the lack of concrete constraint. The correct way to
define bond stress was shown in Section 3.2.3.

For plain bars, typical values of average maximum bend

strength 7. are shown in Table 3-3 where it is seen that average

av
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. Table 3-3

} Bond strength for plain bars

Test

Strength Cover Embedment Test
) Author (s) (psi) (in.) (in.) Type
’ |
K Edwards and Yannopoulos (84) 522 1.0 1.5 pullout
" L]
5 Edwards and Yannopoulos (84) 638 1.4 1.5 pullout
! Mains (87) 460 2.0 21.0  eccentric

ey
i

bond strength increases with concrete cover and decreases with em-
bedment length. For monotonically loaded deformed bars without any
lateral constraint, a sample of measured bond strengths is given in

ap_ PN A

Table 3-4 and it is clear that bond strength is sensitive to experi-
mental details and, therefore, that either development of a theory
to predict bond strength or execution of the suite of experiments

needed to determine such a theory's constitutive parameters is a
i non-trivial exercise. It is also clear why no practical theory has
1 been developed to date; the data base for any postulated theory is
it most certainly inadequate.

¢ 3.2.7 Cyclic Loading Effects

In preceding sections bond stress and strength under monotonic
L loading was examined. In protective structures, concrete can also
be expected to experience some cyclic loading under certain cir-
cumstances. In this section the effect of cyclic loads on the
integrity of the bond between a single rebar and the surrounding
concrete is discussed. The presentation is divided into

) rebar loaded in tension only

q ° rebar loaded in alternating tension and compression.

(99) (82)

Bertero et al.,

Yannopoulos,(ggj- Ismail and Jirsa,(
(96)

Edwards and
101)

Bresler and RBertero,
98)

Morita and Kaku,(

-

and Perry and Jundi performed experiments to wunderstand how

s e .
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2 Table 3-4
v
e Average bond strength for deformed bars
e
et Bond Embedded Bar Test
;ﬁ&f Authors Strength Cover Length f'. Diameter Type
0'
iga' Edwards and Yannopoulos (84) 1116-1363 1.00 1.50 6293 0.63 Pullout
ol Edwards and Yannopoulos (84) 1407-1682 1.40 1.50 6293 0.63 Pullout
e Mirza and Houde (90) 655 5.50 8.00 4800 1.0 Tension
5'5 Mirza and Houde (90) 286 2.50 8.00 4120 1.0  Tension
Sy
! Perry and Jundi (96) 453  0.75 9.00 2200  0.73 Eccentric
%ﬁ Pullout
‘;i Perry and Jundi (96) 543 0.75 9.00 3360 0.73 Eccentric
R Pullout
.55 Perry and Jundi (96) 618 0.75 9.00 4030 0.73 Eccentric
v Pullout
I Perry and Jundi (96) 735 0.75 9.00 5060 0.73 Eccentric
%:r Pullout
s Tepfers (92) 461 0.47 1.97 3567 0.63 Pullout
ey Tepfers (92) 693 1.22 1.97 3567 0.63 Pullout
e Tepfers (92) 734 0.71 3.13 3567 1.00 Pullout
‘R Tepfers (92) 1088 1.89 3.13 3567 1.00 Pullout
;& . Untrauer and Henry (91) 1020-1250 6.00 6.00 4630 1.128 Pullout
‘s Untrauer and Henry (91) 1315-1600 6.00 6.00 4630 0.73  Pullout
t Untrauer and Henry (91) 1560 6.00 6.00 6410 1.128 Pullout
Untrauer and Henry (91) 1330 6.00 6.00 6410 0.73  Pullout
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cyclic loading in tension degrades the steel-concrete bond. The
principal qualitative conclusions were:
] The bond at the loaded end of the rebar slowly

degrades and the bond stress distribution migrates
inwards away from the loaded end.

(] After 10 to 30 cycles at the same maximum, tensile
bar stress, maximum bar end slip has not increased
significantly.

(] The bond stress-bar slip relationship 1is most
sensitive to the previous maximum bar load.

) During the unload portion of a load cycle there is
little slip recovery.

These conclusions are illustrated in the following figures.
In Figure 3-12, (Perry and Jundi(96)), are shown the bond stress
distributions for various load cycles. The test was a pullout and
the rebar had a 0.75-inch cover and a 9-inch embedment. In the
figure the load was applied at the left and the reason for the high
non-zero bond at the right is not understood. However, the slow
migration of the bond stress distribution away from the loaded end
can be seen.

The non-deleterious effect on bond stress levels of a small
number of load repetitions is shown in Figure 3-13 (Ismail and
Jirsa(98)) and has also been observed by Bresler and Bert-
ero,(sz) (82) and by Edwards and Yannopoulos.(gs) In
Figure 3-13, steel strain along a tension specimen is plotted for
various load cycle numbers. Since the slope of these curves is
proportional to local bond stress, it follows that when two curves
are close together, little change in bond stress has occurred. The
loading history for these curves is given in Table 3-5. In Figure
3-13, it is seen that the bond stress distribution appears primarily

Dorr

controlled by the maximum 1load experienced over all previous
cycles. For example, with specimen T20 the strains for cycles 7 and
22 at a bar end load of 20 ksi are essentially identical (and
similarly for cycles 6 and 12 at a bar end load of 40 ksi), while
cycles 5 and 7 have markedly different strain distributions because
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Figure 3-12. Bond stress distribution along rebar
for different load cycles.
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Figure 3-13. Strain distribution along rebar for different cycles and
and for the load histories in Table 2-10.
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Table 3-5

- Load histories corresponding to Figure 3-13

=ﬂﬁ Peak Stresses

5% Cycle
58S Specimens  No. Tension fs, ksi* Compression fé

20 0 for T20
0.4 f'c for TC20

e T20 1
1C20 6-
i 8-12 20
o 13-17 30
iy 18-19 10
R 20-21 20
X 22 Yield

t
ot K21
o
o

-

oA

‘?‘.

o

59

-
-

T
—

T40 and 1-5 40 0 for T40
TCA0 6-10 20 0.45 f'c for TC40
11 Yield

-.c‘

C

*1 ksi = 70.3 kg/cme
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i for cycles 6 and 7 (see Table 3-5) the maximum bar stress was raised
Ef to 40 ksi. An analogous behavior can be seen when comparing cycles
k% 1 and 11 of specimen T40 at a maximum bar stress of 40 ksi.
uf Sensitivity {g;;naximum bar stress has also been observed by Bresler
3 and Bertero.

% . (95)

g: Figure 3-14 (Edwards and Yannopoulos ) shows that there
g is little slip recovery when a test specimen is unloaded. The
* authors subjected their thin pullout specimens to nine identical
K load-unload cycles. A large amount of slip accumulated during the
b first load cycle but subsequently there was minimal recovery.
:: Further, succeeding cycles did little to change the amount of slip,
I which agrees with remarks made in the preceding paragraph. That it
g} takes increasing bar stress to increase slip can be seen in Figure
Q{ 3-15 (Morita and Kaku(IOI)), who also used a very short embedment
?g length. Again, there is little recovery during unloading.

g

Morita and Kaku(IOI) also studied cyclic loading involving
stress reversals. In Figure 3-16 some of their results are shown
schematically. In Figure 3-16a the specimen was cycled between
fixed slip limits and after a few cycles the stress-strain curve

stabilized and became that shown in Figure 3-17. The horizontal
portions of the curve, parts 0A and CD, can be thought of as Coulomb
friction corresponding to the bar 1lugs having ground out a small
region of the concrete adjacent to the bar. Portions AB and DE
- correspond to the 1lugs contacting concrete that has not been
l severely deformed by the bar Tugs. Unloading branches BC and EO are

L SN

. &

"a characterized by an almost total lack of strain recovery. This is
32 attributed to the concrete debris locking around the bar 1lugs
i inhibiting strain recovery in the bar. It is only after the stress
f* has reversed that strain recovery is possible,

3; Figure 3-16b shows totally reversed cyclic bond stress versus
k)

slip for increasing levels of stress. The presence of Coulomb
I friction in the strain unloading branches and the small amount of
'i strain recovery in the stress unloading branches can be clearly seen.
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v 3.2.8 Multiaxial Loading

ﬁ The least understood aspect of this subject is the effect of
':; multiaxial loading on bond stress. Several researchers (Bertero et
& gl,,(sa) Mains(87) and Mathey and Natstein(as)) have
o matter-of-factly used stirrups and wire cages to suppress the
3‘ longitudinal cracking failure mode. However, since these
% reinforcements were buried inside specimens and were not
§ strain-gaged, the amount of constraint provided by them is unknown.
+ However, it is clear that if cracking that would otherwise have

& taken place was prevented then additional pressure was exerted on
k the rebar and increased bond strength was obtained.

9

W To date, only two studies, Untrauer and Henry(gl) and

% DBrr,(83) have sought to systematically determine the effect of

N

& external, controlled lateral pressure on bond strength. Dorr used

3 tension specimens with strain-gaged rebars and found that near the

3 ends of his specimens he could double his bond stress and greatly
reduce slip by applying a lateral pressure of approximately 2175

3 psi. In their study Untrauer and Henry used a puliout specimen with

3‘ square cross section and applied a lateral pressure fn to only two

ge sides through hydraulic rams. Figure 3-18 shows average bond stress

- versus end slip curves for zero and 1500 psi lateral pressures and

5: it can be seen that attainable bond stress was doubled in the latter

£

k‘ case to over 2 ksi and that controlled slip was also doubled.

b Figure 3-19 shows bond stress increasing linearly with f_ for

) various fixed slip levels and two different bar sizes.

b

10.

i 3.2.9 Issues

[}

i In the preceding sections a detailed discussion of the state

" of knowledge on the bond between steel and concrete has been given

)

# and it can be concluded that:

b

Y, ° Currently there is no universally accepted technique

o for  obtaining  experimental data on  the

- steel-concrete bond.

f5 o No technique exists for measuring slip along a rebar

5 embedded in concrete.

Db
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0, (b) fy = 1500 psi.

Slip at Loaded-end, inches x 10-2
fn

showing effect of external lateral pressure

Average bond stress as a function of end slip
fn (a)
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Figure 3-18.
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0%
e
e ° The large number of experimental variables has
.|=;§’ resulted in a very diverse data base; consequently,
W a considerable effort is necessary in order to
Lo develop a reliable data base from which validation
e of a constitutive model may be carried out.
R ] Bond stress and slip depend on
;"0‘ e bar and concrete constitutive properties
Sl
«:‘2::: o bar lug design
e confining stresses due to applied external
) pressures of stirrups.
i
:?’.’: Other steel-concrete interaction items that pertain to con-
'!gu“ tainment structures but were not discussed because of a complete
_ lack of experimental data, are:
o,
N s . .
() Sensitivity of bond stress and slip *to strain rate
. § effects.
L)
ot .
R ) Interaction between rebars at right angles to each
et other.
».;}'
o,
{;::,} ° Scatter instrinsic to reinforced concrete material
) properties.
i
R1
J 3.3 AGGREGATE INTERLOCK, DOWEL ACTION
!;;;‘ As noted previously (see Section 1), the dowel and aggregate
&:;: interlock problems are not treated in the analytical development
)
ﬁ::::: reported herein. Nevertheless, since the establishment of a sound
’ data base is a necessary prerequisite to further model development,
2 it is deemed appropriate to review such subjects from a test data
 : standpoint. Consequently, in this subsection the pertinent test
‘k data concerning aggregate interlock and dowel action is reviewed.
_  The discussion, all of which refers to shear transfer across cracks
R in reinforced concrete, partially follows the recent review by
-::» Leombruni, ﬁﬂ.(IOZ)
[ »
e 3.3.1 Aggregate Interlock
‘;f" The aggregate interlock problem refers to interface shear
:i transfer (IST) across crack planes, and to joint dilatancy (increase
A
et
a0
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v in crack width) due to relative displacement parallel to the crack.
éﬂ The manner in which IST takes place has a major impact on the
bt effective ‘'shear modulus' of a reinforced concrete specimen. An
£ understanding of the dilantancy problem, on the other hand, is
. necessary in order to properly determine the manner in which the
% reinforcing steel is loaded in the presence of shear deformation.

W

& The tests performed by Fenwick,(103’104) Figure 3-20, are
" perhaps typical of the aggregate interlock or IST experiments. Here
W a predefined crack is subjected to relative slip while the crack
i opening is maintained essentially constant. The effects of crack
;% width and concrete strength on the load-slip behavior were studied
; for crack widths ranging from 0.0025 to 0.0150 inches and concrete
: strengths from 2700 to 8120 psi. Figure 3-21 illustrates typical
; data for a concrete with fé = 4810 psi. There appears to be a
3 linear relation between shear stress (agerage) and interface slip
. until additional diagonal and flexural cracks appeared in the test
W blocks. As can be observed, the slopes of the shear stress versus
% slip curves decrease with increasing crack width. It was also found
g‘ that increasing concrete strength increased the shear stress versus
o slip slope for a given crack width, but the effect of strength

increase on stiffness was not as pronounced as that of crack width.
. A decrease in slope occurred with the onset of additional cracking.

o Loeber(los)

performed similar IST tests, but on specimens
with a larger shear area (A = 33.5 in% for Loeber, A = 12.25 in?
for Fenwick), Figure 3-22. Reinforcing ties were placed in the
specimens to limit additional cracking as shear was applied. The
concrete strength used was a nominal 5000 psi and the crack width
ranged from 0.005 to 0.020 inches. Representational results from

W, Loeber's tests are shown in Figure 3-23. Loeber's tests show

R

)

% greater slopes and capacity than do those of Fenwick, perheps
» because of the added reinforcing ties which limited additional
L

,' cracking. In both tests, however, the slope of the (average) shear
1Q stress versus relative slip is a strong function of the crack width
; with a decrease observed where the crack width was increased. Based
l

h
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b on his tests, Loeber also indicated that the size and type of
1:? aggregate do not have a large influence on IST.
g;gé Houde and Mirza(106’107) conducted an experimental program
Y using test specimens similar to Fenwick. The crack width range for
} h these tests was 0.005 to 0.020 inches. Typical results are shown in
§$Iz Figure 3-24. A new feature of this test data is an initial "free
:;-\ slip" observed at the onset of loading for crack widths greater than
N 0.01 inches. This slip (= 0.0015 inches) is attributed to relative
o free displacement that occurs before asperities on either side of
gﬁ& the crack surface come into contact. After the initial free slip,
'3 N the shear-slip response is linear until additional cracks occur in
§iﬂ the test blocks. The main parameters influencing IST were cited as
- the crack width and the concrete strength.
i i White and (108) i i 'rigid'
e ! nd Holly studied IST using two 'rigid' blocks
alg with a preset crack between them, Figure 3-25. The external
' restraining bars* shown provided a constant ‘stiffness' normal to
e the crack; this is in contrast to the previous tests which were
}té conducted at constant crack widths. The shear loading was applied
e cyclically in a range of 120 to 160 psi. Typical response for
“}‘ (average) shear stress as a function of shear slip, average crack
QV‘. width, and increase in restraining bar force are shown in Figure
¥;§ 3-26. Within the stress range of 120 psi, relatively small slips
ghﬁ' are produced during the first cycle of loading, and little increase

in slip occurs even after 25 cycles of loading. After 25 cycles,
the shear stress is increased monotonically to approximately 400
psi. Appreciable increase in slip, further crack opening and
corresponding increase in bar forces were observed for this
monotonic increase. It is noted that these specimens exhibited a
ductile behavior which was not observed in the specimens tested with
constant crack widths.

*These bars were intended to represent the restraining forces
provided by embedded bars in actual reinforced concrete. The
technique allows one to separate IST and dowel effects.
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Figure 3-25. Test specimen configuration from work performed
by White and Holley.
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& A’ study using experimental specimens similar to those used by
:; White and Ho]]y(loa) was conducted by Laib]e.(log) Here thirty
3%: direct shear specimens with a shear area of 150 and 300 in2 were
:'; used in a study of IST. The parameters addressed were specimen
o geometry, aggregate size and quality, concrete strength, magnitude
g:' of cyclic shear stress, effect of initial crack width, effect of

degree of reinforcing restraint across the crack (normal stiffness),
and the age of concrete. The measured quantities were horizontal

slip along the crack, increase in crack width, and increase in

-~
-

restraining steel force. The cyclic shear stress applied ranged

-?ﬁ from 100 to 270 psi, but the majority of the tests were cycled at a
‘jﬁ shear stress level of 180 psi. Typical first and 15th cycle load-
(f' slip displacement curves are illustrated in Figure 3-27. It can be
-2 observed that, although the first level phase is nearly linear,
’;3 appreciable residual displacement results upon unloading. Subsequ-
:;j ent loading cycles exhibit an initial small slope followed by a
0% sudden increase in slope. The unloading stages show higher stiff-
4 ness than the loading. The initial crack width range in these tests
:y was from 0.01 to 0.03 inches. In general, the increase in crack
;% width as the shear force was applied was small in comparison to the
T initially prescribed crack width. The authors note that the bar
FJ forces induced by asperity overriding from the applied shear
Pt stresses were a small percentage of the force required to cause
é.l yielding of the bars (This information, however, may be very mis-

-
N

leading since the bar stress distribution in an actual reinforced
concrete specimen depends strongly on the degree of debonding that
has taken place (debonded length)).
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3.3.2 DOWEL ACTION, COMBINED IST AND DOWEL ACTION

2

Tt
:z. Jimenez-Perez, et 'gl.(llo’lll) conducted an experimental
\
:$ study of IST, with and without dowel action. The test setup used is
", .
sd shown in Figure 3-28. Eight specimens were used for the combined
1
= IST and dowel mechanism and five specimens for the dowel action
;k alone. Embedded reinforcing bars were used for the study. Initial
vﬁﬁ tensile stresses were applied to the bars to initiate cracking at a
‘:.:
2
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predetermined plane (see Figure 3-28). The axial stress was then
increased in increments to a maximum of 40 psi (rebar stress). In
each stage measurements of the crack width opening and bar stresses
were taken. The axial stress was then adjusted to accommodate a
desired initial crack width, Shear loading was subsequently applied.

From the combined IST and dowel tests the following behavior
was observed: the increase in crack width was insignificant within
a range of shear stress up to 200 psi. A noticeable increase
occurred only when failure was imminent. The increase in axial
stress from the application of shear was normally less than 10
percent of the ultimate axial bar capacity. Figure 3-29 depicts
typical load-slip behavior for the combined action tests. Cycle 1
and Cycle 15 shear stress versus shear slip response curves at
different stress levels are shown. From the magnitude of the slips
observed at these stress levels, it can be inferred that the
combined mechanism with large diameter (No. 14) embedded bars shows
slips less than half those observed in IST tests performed by
Laible.(log) Also, though the load-slip behavior of the combined
action specimens is similar to the displacement curves produced by
Laible's test, the residual slips were not as pronounced.

Specimens reinforced with No. 9 and No. 14 bars were used to
study the dowel action mechanism alone. For this purpose the crack
surface is replaced by a smooth lubricated surface. A typical shear
stress versus relative displacement response for dowel action is
illustrated in Figure 3-30. It is observed that, in comparison to
the combined mechanism, much larger shear slips are necessary to
develop shear resistance through dowel action. Note that the
specimen without initial tensile stress exhibits a stiffer behavior
than the specimen stressed initially at 30 ksi. It was concluded
that individual bar dowel ‘'stiffness' increases with bar size, but
for larger bars where concrete deterioriation may be more
significant around the bar, the 'stiffness' was at time lower than
the smaller bars. Tensile stress in the bars has a deterioriating
effect on the dowel stiffness since it causes more localized bond
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failure. Most specimens used to assess dowel action failed by
concrete splitting.

Based upon the above tests, the authors have attempted to
determine the relative amounts of shear taken by each mechanism.
Using compatibility arguments and the 1load slip behavior of the
combined mechanisms versus dowel action alone, it was concluded
that, for the specimens considered, interface shear transfer assumes
65-75 percent of the total applied shear while the dowel action is
responsible for 25-35 percent of the applied shear.

Another test program worthy of mention here is due to

Du]uscka,(llz)

who conducted a test program on dowel action with a
goal to establish theoretical load-deformation relations for cases
where steel is oblique as well as normal to a crack surface. The
test setup for these experiments is shown in Figure 3-31. To
simulate cracks, two layers of 0.0078-in-thick sheet brass, which
was connected in the middle by a skewed steel stirrup, were embedded
in the test specimens. During testing, relative slip along the
simulated crack and opening of the crack perpendicular to the
direction of the load were recorded. Due to the sheet brass,
aggregate interlock was not a factor in this study, i.e., dowel
action alone was investigated.

Experimental results for the failure load in the bar were
found to correlate well with the following relation:

T 2 1 e /2 (3-3)
= p$"yo_n siny ( + ) - ] 3-3
f y [ 3;20 n S‘inzy
y
where
Tf = Failure load of dowel shear
) = Bar size
= Angle of stirrups in degrees
oy = Yield stress of steel
o = Cube strength of concrete
n = Coefficient of local compression of concrete
133
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Y = Constant

o = 1- N2/N§

N = Axial tensile force in bar

Ny = Axial force inducing yield in pure tension.

Duluscka concluded that, from the test results, a reasonable
emperical fit of the slip versus dowel shear load was

_ 1/2
- B v (5) 5.6
c f
where

A = Constant

T = Dowel shear load

Tf = Failure load of dowel shear computed from Equation

(3-1)

Equation (3-2) was plotted as a function of T and a for two
values of & = 10° and 40" respectively, as shown in Figure 3-32.
The results indicate that an increase in the angle & results in a
decrease of the dowel shear force T and an increase in the bar's
normal force N. Also, an increase in the concrete strength o
results in an increase of dowel shear capacity Tf.

C

3.3.3 Issues

Information on IST, dowel action, and combined IST and dowel
action represents a critical link in the constitutive model con-
struction chain. The preceding information constitutes a repre-
sentative cross-section of the available data on these subjects. An
evaluation of this work leads us to the conclusion that additional
testing is necessary in order to adequately define the mechanics of
the ST, dowel, and combined IST and dowel problems. Such testing
should be conducted, in contrast to most previous studies, under

displacement control wusing a closed 1loon servo-controlled test
system,
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SECTION 4

;‘s:: PREVIOUS CONSTITUTIVE MODELS: PLAIN CONCRETE

(8 | .

'1’;:: In this section, previous work on constitutive relations for
;‘te-’{' plain concrete is reviewed for background purposes. The discussion
e is partitioned into (1) uniaxial relations (subsection 4.1), (2)
j‘: biaxial relations (subsection 4.2) and (3) multiaxial relations
.1:,3:{ (subsection 4.3),

gL

il 4.1  UNIAXIAL CONSTITUTIVE MODELS

: The usual constitutive assumption for concrete in uniaxial
ﬁ: tension is linear elasticity, with complete failure occurring when
c" the stress reaches ft" For monotonic compressive response many
'.;I'Z nonlinear stress-strain laws have been postulated. Typically they
% were designed for use in reinforced concrete beam design and are of
the form

Lo o = f(e) (4-1)
o

Ai-}j' Eq. 4-1 is not immediately suitable for nonlinear finite ele-
j:‘-f" ment analysis where an incremental stress-strain relation is
J needed. Further the representations do not admit obvious general-
e jzation to multiaxial stress states. The principal usefulness of
EE: equations of the form of Eq. 4-1 is as hardening functions for use
"".} in multiaxial constitutive models,

WX,

,;. Popovics(113) summarized equations of the form Eq. 4-1 and
24 they are given below:

"'i

1 c= Ae" . (4-2)

Ee [1+ (3E/E - 2) (e/e,) *

= e
o?'
S B L !
Q
[}

’ 2 (4-3)

::::l ' (1 - ZEO/E) \C/Eo) ] ’
D."
Eald
“ Ee
o 0 =

) 4 ! 4-4
B 1+ (E/E, - 2) (e/eg) * (eley) (4-4)
'
¥
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- o= Ee (1 - e/2e0) . (4-5)
K
K o= Be (1+ Csn-l) , (4-6)
B
!“l
o < __Ee_z (4-7)
' ’
ol 1+ (€/€0)
7,
o
X oo —E (2-8)

D + (e/eo)
&
éz o= Eceexp (- e/eo) . (4-9)
.1
!
) o= Ecexp[ - (Ee - 2)"F] , (4-10)
"'-'
o In these equations Eo and €, are the secant modulus and
o strain at ¢ = fc' and E is the initial tangent modulus. Para-
! meters A, B, C, D, F, m and n are constants. Eg. 4-2 does not model
\ softening. Equations 4-3 and 4-4 would model softening if cubic
.:3. terms were added. Equations 4-5 and 4-7 are special cases of Egs.
n‘\-' 4-3 and 4-4 with E/E0 = 2. Equations 4-5, 4-6, 4-7 and 4-9 are
i less flexible than the others because they predict a fixed value for
,‘_.) E/Eo when in reality the ratio can range anywhere from 1.3 to 4.
\
’,:.‘ Equation 4-4 was due to Saenz(114) and was used by Darwin and
;' Pecknold in the development of their biaxial theory of cyclic
iy response which is discussed in the next section.
e Additional formulae have been postulated by Kriz and
";: Leel115) 4ng by Popovics(nG).
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3 4.2 BIAXIAL CONSTITUTIVE MODELS

¥5 In this section consititutive models developed specifically to
22 describe the biaxial response of plain concrete are discussed.
i Three-dimensional theories which, of course, are based in part on
& biaxial data and can describe plain concrete biaxial response are
f? reviewed in Section 4-3. Multiaxial theories of plain concrete
@ response have only appeared in the last ten years and are mainly
A generalizations of elasticity and plasticity. In the presentation
. below it is convenient to divide the theories into three categories.
% 4.2.1 Nonlinear Elasticity Models

3: The first biaxial constitutive theory developed by Kupfer and
5: Gerstle(117) was in matrix form,

3

}? g=Mc , o = (o0 ays Tey) s el - (es &ys gy)  (4-11)
- where EQ], a matrix of secant moduli, was itself a function of
f: stress and strain measures. The constitutive model assumed concrete
; always behaved isotropically thus precluding oriented damage arising
- from microcracking. More importantly, while the model did replicate
~ monotonic loading results for biaxial compression and compression-
b tension, it was unable to adequately simulate any cyclic stress-
> strain response since the theory predicted that unloading occurred
1z along the loading path. Consequently, the theory predicted neither
% energy dissipation nor residual anelastic strain during unloading.
‘: Thus the theory, when specialized to uniaxial cyclic response'Was
:: totally inadequate. Subsequently, Murray(lla) corrected the
oy definition of tangent moduli given by Kupfer and Gerstle but did not
: address any of the theory's shortcomings.

3 Nilson, Slate. and their co-workers(llg’lzo’IZI) developed a
) nonlinear elasticity theory based on a generalization of Saenz's
_' representation for concrete uniaxial response. The authors first

considered a single component of stress, 9y for biaxial compres-

: sion and compression-tension and showed that

\
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o o, = f(ax, ex) € b Oy = oy/ox (4-12)
o
ef modeled available data well, where f was a judiciously chosen func-
:" tion and e, was the strain component corresponding to e Para-
)
ﬂd meter o was used to account for biaxiality effects.
) Next the authors attempted to introduce stress induced aniso-
“§ tropy by postulating
w a=[0]= (4-13)
‘t- where [D] was a material property matrix with form appropriate to an
Ey orthotropic material:
.
L
oy
!: a b 0
[D] = b c o (4—14)
3 0 0 d
%
and parameters a, b, c, d were functions of €1 €y and a -
Since the constitutive equation expressed total stress in terms of
fi total strain, parameters a, b, ¢ and d had the character of secant
K-y moduli. However, in their evaluation the authors expressed them in
?“ terms of variables that were tangent modulus-like in nature.
’1 In the present notat